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Preface 



When patients arrive at the hospital in extremis, physicians and health care 
providers face extraordinary challenges. It is our hope that this book on car- 
diogenic shock will provide a practical evidence-based approach to optimally 
managing patients with this complex disease as well as a historical perspective. 
Whereas there has been great progress in recent years in the management of 
acute myocardial infarction, the progress in cardiogenic shock has been more 
limited. Nevertheless, over the last decade, we have seen improvements in out- 
come based on the adoption of practices derived from pivotal randomized trial 
evidence and important observations from many dedicated researchers around 
the world. 

We are indebted to the contributors to this book on cardiogenic shock. We 
believe they are among the most outstanding clinicians and researchers in their 
areas. They have provided outstanding reviews and succinct advice for the 
clinical setting, designing this volume to be a resource at your side. 

We hope that you will use the principles and recommendations outlined in 
this book judiciously in your approach to treating patients with cardiogenic 
shock. The recommendations are intended to be consistent with the evidence 
and with the American Heart Association/ American College of Cardiology 
guidelines. Increased compliance with guideline-recommended care has been 
demonstrated in the setting of acute coronary syndromes to result in improved 
outcomes. 

We are also indebted to many other people that helped us in crafting this 
book: Penny Hodgson, whose tireless editorial work kept the book on track and 
helped to assure that the chapters had consistent formatting; Dr. Elliott Antman 
for his helpful comments and vision for this book; Betty Summers for her help 
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xii Preface 



collating comments and finding obscure articles that we remembered but could 
not easily locate; and Anna Yick for her help collating edits and checking facts. 

Finally, we would like to thank our families for their generous support and 
encouragement. 



Judith S. Hochman, MD 
E. Magnus Ohman, MD 



Foreword 



The strategic driving force behind the American Heart Association's mission 
of reducing disability and death from cardiovascular diseases and stroke is 
to change practice by providing information and solutions to health care pro- 
fessionals. The pillars of this strategy are Knowledge Discovery Knowledge 
Processing, and Knowledge Transfer. The books in the AHA Clinical Series, of 
which Cardiogenic Shock is included, focus on high-interest, cutting-edge topics 
in cardiovascular medicine. This book series is a critical tool that supports the 
AHA mission of promoting healthy behavior and improved care of patients. 
Cardiology is a rapidly changing field, and practitioners need data to guide 
their clinical decision-making. The AHA Clinical Series serves this need by pro- 
viding the latest information on the physiology, diagnosis, and management of 
a broad spectrum of conditions encountered in daily practice. 

Rose Marie Robertson, MD, FAHA 
Chief Science Officer, American Heart Association 

Elliott Antman, MD, FAHA 
Director, Samuel A. Levine Cardiac Unit, 
Brigham and Women's Hospital 
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Chapter 1 



Diagnosis, epidemiology, 
and risk factors 

Zaza lakobishvili, Harmony R. Reynolds, and David Hasdai 



Definitions and diagnosis 
Definitions 

Cardiogenic shock is a state of decreased cardiac output and systemic perfusion 
in the presence of adequate intravascular volume, resulting in tissue hypoxia [1]. 
As early as 1912, Herrick described the clinical features of cardiogenic shock in 
patients with severe coronary artery disease: a weak, rapid pulse; feeble cardiac 
tones; pulmonary rales; dyspnea; and cyanosis [2], The term cardiogenic shock 
is believed to have been originated in 1942 by Stead [3]. He described a series 
of two patients who had what he called "shock of cardiac origin." Later, the 
expression was rephrased as "cardiogenic shock." 

The severity of shock can range from mild to severe, and practical definitions 
use somewhat arbitrary criteria. An essential feature of cardiogenic shock is sys- 
temic hypoperfusion, typically with hypotension; however, there is great vari- 
ability in the severity of hypotension that defines shock, with the most common 
cut-off points for systolic blood pressure being <90 mm Hg or <80 mm Hg [4,5]. 
Patients with shock typically have signs of systemic hypoperfusion, including 
altered mental state, cool skin, and /or oliguria. Rales, indicating pulmonary 
edema, may or may not be present. Neither auscultation nor chest radiograph 
detects pulmonary edema in 30% of patients with cardiogenic shock [6]. The 
method used to measure blood pressure may also be important. Brachial cuff 
pressure measurements are often inaccurate in states of shock. Arterial blood 
pressure is more accurately monitored using intra-arterial cannulas; thus, this 
method is commonly advocated to ensure precise measurement. 
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There is a subset of severe left ventricular (LV) failure patients who have 
"nonhypotensive cardiogenic shock" [7]. By definition, these patients have the 
clinical signs of peripheral hypoperfusion described above (with preserved sys- 
tolic blood pressure measurements >90 mm Hg without vasopressor support). 
This occurs most often among patients with large anterior wall myocardial 
infarction (MI) and is associated with substantial in-hospital mortality albeit 
lower than that of patients with classic cardiogenic shock. Thus, a diagnosis of 
cardiogenic shock may be made in patients with systemic hypoperfusion and 
blood pressure measurements of >90 mm Hg in several circumstances: (1) if 
medications and/ or support devices are required to maintain normal hemo- 
dynamic parameters; (2) in the presence of systemic hypoperfusion with low 
cardiac output, with blood pressure maintained by marked vasoconstriction; 
and (3) if mean systemic pressure is >30 mm Hg lower than baseline in cases of 
preexisting hypertension. 

In 1967, Killip and Kimball [8] proposed a crude clinical classification of hemo- 
dynamic status based on 250 patients with acute myocardial infarction (MI). 
This classification has withstood the test of time and is still in widespread use 
(Table 1.1). As the shock state persists, hypoperfusion of both the myocardium 
and peripheral tissues will induce anaerobic metabolism in these tissues and 
may result in lactic acidosis. Hyperlactatemia is considered a hallmark of hypop- 
erfusion [9,10] and may supplement the clinical examination and blood pressure 
measurement when findings are inconclusive regarding shock status. The accu- 
mulation of lactic acid may cause mitochondrial swelling and degeneration, 
inducing glycogen depletion, which in turn may impair myocardial function 
and inhibit glycolysis, leading to irreversible ischemic damage. Serum lactate 
level is an important prognostic factor in cardiogenic shock [11]; in one multi- 
variate analysis, a lactate level >6.5 mmol/L in cardiogenic shock patients was 
a very strong independent predictor of in-hospital mortality [odds ratio (OR) 
295, P < 0.01] even after adjustment for age, sex, hypertension, and diabetes 
history [10]. 



Table 1.1 Clinical classification of hemodynamic status of acute MI patients. 



Class 


Definition 


I 


No clinical signs of heart failure 


II 


Basilar rales and/ or S3 gallop, and/or elevated jugular venous pressure 


III 


Frank pulmonary edema 


IV 


Cardiogenic shock 
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Hemodynamics for diagnosis of cardiogenic shock 

Along with metabolic parameters, hemodynamic data are very useful for diag- 
nosis and prognostic assessment in cardiogenic shock patients. One of the ear- 
liest attempts to use hemodynamic evaluation to determine prognosis and to 
guide therapy found that all cardiogenic shock patients with LV filling pressure 
of >15 mm Hg and cardiac index <2.3 L/ min died despite medical therapy [9]. 
The measurements with greatest prognostic value in addition to demographic 
and clinical variables appear to be cardiac output [12] and those measurements 
that incorporate cardiac output with systolic blood pressure, including stroke 
work [13] or cardiac power [14]. 

There is some variability in the definition of cardiogenic shock as used in 
clinical trials [7,12,14-17]. Most studies define shock as a state with systolic 
blood pressure of <90 mm Hg for at least 1 hour that is (1) not responsive 
to fluid administration alone; (2) secondary to cardiac dysfunction; and (3) 
associated with signs of hypoperfusion or a cardiac index of <2.2 L/ min/ m 2 
and pulmonary artery wedge pressure (PAWP) >18 mm Hg. Hypotension that 
improves (increase in systolic blood pressure to >90 mm Hg) within 1 hour 
following administration of inotropic/vasopressor agents is often included 
in studies of cardiogenic shock, as is death within 1 hour of onset of hypoten- 
sion when other criteria for cardiogenic shock are met. Some studies have 
specified invasive hemodynamic diagnostic criteria for cardiogenic shock, 
such as severely decreased cardiac output measurements derived from right 
heart catheterization. In most of these studies, cardiac index measurements of 
<2.2 L/ min/ m 2 were regarded as supporting the diagnosis of cardiogenic shock 
in the presence of other signs. Other investigators [15], however, regarded mea- 
surements of <1.8 L/min/m 2 as indicative of cardiogenic shock. An important 
consideration is whether the values were recorded on inotropic/ vasopressor or 
circulatory device support; a 2.2-2.5 L/ min/m 2 cut point is reasonable for those 
on support and 1.8-2.2 L/min/ m 2 for those whose measurements are made off 
support [16]. 

The widespread availability of noninvasive means of assessing cardiac func- 
tion, such as echocardiography, has reduced the use of right heart catheteriza- 
tion. Echocardiography with Doppler imaging has become a readily available 
modality for bedside hemodynamic assessment and for the evaluation of car- 
diac function, valvular status, and mechanical complications of acute coronary 
syndrome (ACS) [18] . Its use has steadily increased over the years, and currently 
it is performed frequently among ACS patients in many institutions. 

In an analysis from Euro Heart Survey ACS, 68% of patients with cardiogenic 
shock underwent an echocardiographic evaluation [18]. Right heart catheteri- 
zation was performed in just 111 of 549 patients with cardiogenic shock (20.2%) 
[18]. Noninvasively derived hemodynamic parameters, such as left atrial pres- 
sure approximated by transmitral flow patterns and cardiac output computed 
by echocardiography (derived stroke volume multiplied by heart rate), can 
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advance the timely management of cardiogenic shock patients, obviating the 
need for right heart catheterization. The restrictive pattern of transmitral flow, 
defined as E wave deceleration time <140 ms, has positive predictive value 
of 80% for PAWP >20 mm Hg [19]. However, deceleration time >140 ms did 
not exclude an elevated PAWP. Transesophageal examination may be used in 
difficult cases to obtain hemodynamic information and to exclude mechanical 
causes of LV failure. 

There are possible pitfalls in interpreting hemodynamic data. For example, 
cardiac output measurements may be above normal in patients for whom the 
underlying cause of cardiogenic shock is ventricular septal defect, and PAWP 
may be unexpectedly high in patients with right ventricular (RV) infarction 
because of leftward shift of the intraventricular septum (reversed Bernheim 
effect) or concomitant LV systolic dysfunction. Additionally, by the time right 
heart catheterization is performed, the patient with shock typically is already 
receiving supportive pharmacological treatment that can alter hemodynamic 
measurements. For example, treatment with a positive inotropic agent may 
improve a patient's subsequent cardiac output measurements, and treatment 
with diuretics may decrease subsequent PAWP measurements. 

The caveats listed above illustrate the difficulty of diagnosing cardiogenic 
shock by means of numerical and laboratory values in isolation. Accordingly, 
shock is primarily diagnosed based on clinical findings supported by measured 
hemodynamic values (Table 1.2). Clinical evidence of a reduction in cardiac 
output with systemic hypoperfusion despite adequate filling pressures must 
be present for a diagnosis of cardiogenic shock. When right heart catheteriza- 
tion is performed, hemodynamics values should confirm low output and high 
filling pressures. If right heart catheterization is not planned, the combination 
of clinical examination, chest radiography, and echocardiography must clearly 
demonstrate systemic hypoperfusion, low cardiac output, and elevation of left 
atrial /pulmonary artery pressure and/or right atrial pressure. If the diagnosis 
is in any way unclear, right heart catheterization should be performed. 

Epidemiology 
Etiologies 

Cardiogenic shock can occur as a result of a wide variety of cardiac disorders, 
including ACS, valvular disease, myocardial and /or pericardial disease, con- 
genital lesions (in both children and adults), or mechanical injuries to the heart 
(Table 1.3; Chapter 8). Due to the great prevalence of coronary artery disease, 
cardiogenic shock as a complication of ACS is the predominant etiology. 

Determining the etiology of cardiogenic shock in the individual patient may 
be challenging. The history and clinical examination may provide information 
on the etiology of cardiogenic shock in an individual patient, but there is quite a 
bit of overlap between syndromes; for example, chest pain is a cardinal feature 
of acute MI, myocarditis, and pericardial tamponade, and there may be overlap 
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Table 1.3 Differential diagnosis of suspected cardiogenic shock in the setting of 
acute MI 



A. 


Myocardial Dysfunction 




- Predominant left ventricle 




- Predominant right ventricle 




- Both ventricles 


B. 


Mechanical Complications 




- Ventricular septal rupture 




- Papillary muscle rupture 




- Free wall rupture and cardiac tamponade 


C. 


Procedural Complications 




- Unsuspected coronary perforation 




- Unsuspected coronary dissection 




- Blood loss: access site, retroperitoneal 


D. 


Significant Valvular Disease 




- Aortic stenosis 




- Mitral regurgitation 




- Mitral stenosis 




- Aortic regurgitation 


E. 


I - fvnn vnl pin i a 

i ± y puv U1CI1 Lid 




- Dehydration 




- Excessive diuresis 




- Hemorrhage 


F. 


Mimicking Conditions 




- Acute aortic syndrome: aortic dissection or perforation 




- Acute pulmonary embolism 




- Pneumothorax 




- Adverse drug reaction: anaphylaxis 




- Septic shock with myocardial depression 


G. 


Dynamic outflow obstruction 




- Hypertrophic cardiomyopathy 




- Takotsubo cardiomyopathy 


H. 


Iatrogenic 




- Medications affecting hemodynamics (excess negative inotropy, vasodilation, 




diuresis) 




- Procedural complication 




- Hemorrhage 
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in the description of pain among these syndromes. The timing of symptoms may 
provide a clue to the occurrence of mechanical complications if, for example, 
chest pain recurs days after an initial episode and that recurrence is associated 
with shock. The absence of this pattern is not of diagnostic value, however, and 
mechanical complications may occur early in the course of MI. 

The physical examination may provide diagnostic clues as well, particularly 
in the form of a new murmur as a herald of ventricular septal or papillary muscle 
rupture or acute mitral or aortic valve disease. Unfortunately, worsening of 
valvular heart disease may be accompanied by softening of an existing murmur, 
and, of course, murmurs are not a reliable indicator of valvular disease or 
rupture. However, the presence of a murmur in a patient with cardiogenic 
shock should prompt rapid echocardiographic evaluation. 

Electrocardiography 

The electrocardiogram (ECG) may be helpful in the diagnosis of a particular 
etiology of shock. When ST-segment elevation acute MI (STEMI) causes LV 
failure, the degree and severity of the ECG abnormality should be concordant 
with the severity of the clinical condition. Modest ECG abnormalities should 
prompt consideration of other etiologies (Table 1.3). When marked ST elevations 
are present in several precordial leads, anterior MI is the most likely diagnosis 
and LV pump failure is the most likely cause of shock. A first inferior STEMI 
is less likely to cause shock; if inferior STEMI were the cause of shock, marked 
ST elevation with reciprocal ST depression, denoting extensive injury, would 
be expected on the ECG. RV infarction may complicate inferior MI as well; RV 
leads should be placed in cases of inferior MI with hypotension to search for 
right-sided ST elevation. Another possible finding of RV infarction is precordial 
ST elevation, which is largest in degree in V1-V2 and becomes smaller as one 
moves across the precordium. The absence of reciprocal changes or signs of 
RV infarction in the case of inferior MI with shock should prompt a search 
for complicating factors, such as myocardial or papillary muscle rupture. It 
should also be noted that ST elevation is not definitive evidence of STEMI; 
regional ST elevation may also be seen in acute myocarditis. Diffuse and marked 
ST depressions, most notable in V4-V6, indicate diffuse ischemia due to left 
main or severe triple vessel disease. Left bundle branch block may be seen 
as a reflection of a large STEMI, non-STEMI (NSTEMI) with prior infarcts, or 
underlying conditions associated with LV hypertrophy (e.g., aortic stenosis). 
Finally, a normal ECG in the presence of profound shock, particularly in the 
setting of arrhythmias, should lead to consideration of myocarditis. 

ACS as a cause of shock 

Cardiogenic shock complicating ACS is not confined to the typical setting of 
large ST-segment elevation anterior wall infarction. Although shock occurs more 
frequently in the setting of ST-segment elevation (4.2-7.2% in fibrinolytic trials, 
8.5-14.2% in the registries), it also occurs, albeit less commonly (2.1-2.6%), 



8 Cardiogenic Shock 



in ACS patients without ST-segment elevation, even without positive car- 
diac biomarkers [20-23]. Shock typically results from severe LV dysfunction 
but may also occur when LV function is well preserved. In the international 
SHould we emergently revascularize Occluded Coronaries for cardiogenic 
shocK? (SHOCK) trial registry of 1190 patients with cardiogenic shock, the 
predominant cause of shock was LV failure (78.5%), whereas isolated RV shock 
occurred in only 2.8% of patients. Mechanical complications of acute MI were 
observed among the remaining patients: severe mitral regurgitation (MR; 6.9%), 
ventricular septal rupture (3.9%), and tamponade (1.4%) [24]. 

Data on the incidence of shock are derived from large population-based anal- 
yses as well as from subset analyses of randomized clinical trials examining 
effects of different treatment modalities in the various forms of ACS. Due to dif- 
ferences in the definition of cardiogenic shock and criteria for including patients, 
the reported incidence of cardiogenic shock complicating ACS varies among 
studies. For example, an incidence of cardiogenic shock during hospitalization 
of 2.6% was reported among 3465 patients with acute MI in the prethrombolysis 
era, a low figure that reflects exclusion of patients with signs of heart failure 
upon presentation [25]. In comparison, cardiogenic shock was present in 6.7% of 
6676 consecutive acute MI patients managed noninvasively in the Trandolapril 
Cardiac Evaluation (TRACE) registry, which included STEMI and NSTEMI 
cases [26]. 

ST-segment-elevation ACS and cardiogenic shock 

Classically, cardiogenic shock has been considered a direct consequence of 
STEMI, most commonly caused by LV dysfunction resulting from continued 
ischemia and cell death. In three large international fibrinolytic therapy 
trials for STEMI, the incidence of shock ranged from 4.2% to 7.2% (Fig. 1.1) 
[12,27,28]. However, the reported incidence of cardiogenic shock among STEMI 
patients receiving fibrinolytic therapy may be biased, because patients with 
shock are often not enrolled in multicenter, randomized trials. Zeymer and 
colleagues reported a 14.2% incidence of cardiogenic shock in 9422 patients 
in an 80-hospital primary percutaneous coronary intervention (PCI) German 
registry [29]. 

Until recently, the incidence of cardiogenic shock among STEMI patients 
appeared to be quite stable, despite increasing use of early reperfusion therapy 
including primary PCI. Goldberg and colleagues [5] evaluated trends in the inci- 
dence of cardiogenic shock complicating STEMI in a single community from 
1975 to 1997. The overall annual incidence for this period was 7.1% and ranged 
from 4.5% to 8.6%. In a large observational study [30] from the National Registry 
of Myocardial Infarction (NRMI-2, -3, -4), which analyzed data from 1.97 mil- 
lion acute STEMI patients hospitalized in the United States between 1994 and 
2004, the incidence of cardiogenic shock was 8.6% overall and was quite stable 
over the study period. In the Euro Heart Survey of Acute Coronary Syndromes, 
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Fig. 1.1 Incidence of cardiogenic shock in ST-segment elevation MI trials and registries 
[20,22,28,30,68]. The incidence of shock among patients in GUSTO lib and III is lower, 
likely reflecting use of fibrinolytic therapy in all patients in the setting of these clinical 
trials as opposed to the registry patients. Differing incidences of shock in the registries 
may be related to different patient populations and /or slight differences in definitions of 
shock. In addition, the incidence of shock was found to be lower over time in the 
GRACE registry, which enrolled patients through 2006. Lighter boxes denote clinical 
trials; darker boxes denote registries. EHS ACS, Euro Heart Survey Acute Coronary 
Syndromes; GRACE, Global Registry of Acute Coronary Events; GUSTO, Global 
Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary 
Arteries; NRMI, National Registry of Myocardial Infarction. 



the incidence of shock was 8.5% in the STEMI group [31], and a recent report 
from the Global Registry of Acute Coronary Events (GRACE), which recruits 
patients with ACS in almost 100 hospitals in 14 countries (Argentina, Australia, 
Austria, Belgium, Brazil, Canada, France, Germany, Italy, New Zealand, Poland, 
Spain, the United Kingdom, and the United States), suggests a reduction in the 
incidence of cardiogenic shock after STEMI [20]. In this registry, the incidence of 
cardiogenic shock in the STEMI group was 7.1% in 1999, subsequently decreas- 
ing significantly to 4.7% in 2005 (P = 0.02) [20]. 

Non-ST-elevation ACS and cardiogenic shock 

In the setting of non-ST-elevation ACS (NSTE ACS), data regarding the 
incidence of cardiogenic shock are relatively limited. This has important 
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Fig. 1.2 Incidence of cardiogenic shock in non-ST-segment elevation acute coronary 
syndrome trials and registries [20-23,28]. The incidence of shock is uniformly lower 
among patients with NSTE ACS as compared with STEMI (compare with Fig. 1), most 
notably in the GUSTO lib trial and the Euro Heart Survey and GRACE registry which 
are also included in Fig. 1.1. These studies include patients with unstable angina, in 
which cardiogenic shock is known to occur. Lighter boxes denote clinical trials; darker 
boxes denote registries. CRUSADE, Can Rapid risk stratification of Unstable angina 
patients Suppress ADverse outcomes with Early implementation of the ACC/AHA 
guidelines; EHS ACS, Euro Heart Survey Acute Coronary Syndromes; GRACE, Global 
Registry of Acute Coronary Events; GUSTO, Global Utilization of Streptokinase and 
Tissue Plasminogen Activator for Occluded Coronary Arteries; PURSUIT, Platelet 
Glycoprotein Ilb/IIIa in Unstable Angina: Receptor Suppression Using Integrilin 
Therapy. 

implications, as the incidence of NSTE ACS appears to be increasing signifi- 
cantly as more sensitive cardiac markers are used [20]. In the Global Use of 
Strategies to Open Occluded Coronary Arteries (GUSTO lib) trial [28], one of 
the largest clinical trials hitherto conducted, cardiogenic shock was predefined 
as a subset for analysis. Among 7986 patients with NSTE ACS, cardiogenic shock 
occurred in 2.6% of cases (Fig. 1.2). This was about half the incidence observed 
in the subgroup with ST-elevation acute coronary syndromes (STEACS) in the 
same trial [OR 0.50, 95% confidence interval (CI) 0.413, 0.612; P < 0.001]. The sub- 
set of patients with cardiogenic shock was also analyzed in the Platelet glycopro- 
tein lib /Ilia in Unstable angina: Receptor Suppression Using Integrilin Therapy 
(PURSUIT) trial of patients with NSTE ACS [21]. Of 9449 patients, 237 (2.5%) 
developed shock after enrollment. In another large survey (the Euro Heart 
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Survey of Acute Coronary Syndromes), the incidence of cardiogenic shock 
among patients admitted with NSTE ACS was 2.4% (of whom three quarters 
developed it during hospitalization) [22,31] . As more cases that were previously 
categorized as unstable angina are confirmed as NSTEMI with use of sensitive 
troponin assays, the incidence, but not the total number of patients, should con- 
tinue to decline. In the GRACE registry, the incidence of shock among patients 
with NSTE ACS decreased significantly over a 6-year period, from 2.1% to 
1.8% (P = 0.01) [20]. However, the CRUSADE (Can Rapid Risk Stratification of 
Unstable Angina Patients Suppress Adverse Outcomes With Early Implemen- 
tation of the ACC/AHA Guidelines) quality improvement initiative evalu- 
ated care patterns and outcomes for 17,926 high-risk NSTE ACS patients (as 
determined by positive cardiac markers and /or ischemic electrocardiographic 
changes) at 248 United States hospitals with catheterization and revascular- 
ization facilities between March 2000 and September 2002, and found an inci- 
dence of cardiogenic shock that was remarkably consistent with all prior reports 
(2.6%) [23]. 

RV infarction and cardiogenic shock 

RV infarction is a distinct entity within the spectrum of cardiogenic shock. 
Most patients with RV infarction were not included in randomized trials; thus, 
detailed data regarding the frequency of shock among these patients are lacking. 
In the SHOCK registry, the proportion of patients with shock complicating MI 
who had shock due to "isolated" RV failure was 2.8% [24]. In contrast, RV 
infarction was a relatively common cause of shock among patients with STEMI, 
accounting for about 16% of cases in a single-center registry of STEMI [32]. 
Similarly, at Rabin Medical Center, RV infarction accounted for 19.6% of all 
cases of shock complicating STEMI [33]. 

Time to development of cardiogenic shock in ACS 

There is an apparent discrepancy, probably due to selection bias, between 
reports from randomized trials and population-based analyses regarding the 
timing of shock development. In randomized trials, approximately 90% of 
patients with shock developed it after study enrollment; only approximately 
10% had shock upon arrival at the hospital. However, in a population-based 
study of unselected acute MI patients, 56% of shock patients had shock upon 
arrival [34]. In the SHOCK registry and trial, 26% of nontransf erred patients 
were diagnosed with shock upon hospital arrival [35]. 

In the prethrombolysis era, Leor and colleagues [25] reported that shock 
developed at a median of 2 days after admission (range 3 hours to 16 days) in 
patients admitted without heart failure. Hands and colleagues [36] reported that 
cardiogenic shock developed after hospitalization in 60 (7.1%) of 845 patients 
presenting with acute MI. Half of patients who did not have shock upon admis- 
sion developed shock within the first 24 hours. 
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In large fibrinolytic trials, the median time to the occurrence of shock among 
patients with persistent ST-segment elevation who developed shock in hospital 
was 10 or 11 hours [27,28,37], with most experiencing shock within the first 
48 hours after enrollment. Shock occurred later, after symptom onset, in patients 
without ST-segment elevation compared with those with ST-segment elevation 
and is often associated with reinfarction in these cases. In GUSTO lib, NSTE ACS 
patients developed shock a median of 76.2 hours after enrollment, in contrast 
to STEMI patients for whom the median time to onset was 9.6 hours [28]. In 
the SHOCK registry [38], time from acute Ml onset to shock onset was also 
different: 8.9 hours for NSTE ACS patients versus 5.9 hours for STEMI patients. 
In the PURSUIT database of NSTE ACS, shock most commonly developed >48 
hours after enrollment (median 94.0 hours) [21]. 

These data indicate that the window of opportunity for attempting to avert 
development of shock in STEMI is very short-lived; patients must be identified 
and measures should be taken within hours of presentation, including avoid- 
ance of measures that induce shock (Fig. 1.3). Very early reperfusion, which 
is the only therapy that prevents the development of shock in STEMI, is of 
paramount importance. The fact that cardiogenic shock develops later in NSTE 
ACS should not be interpreted as reflecting a more benign phenomenon; when 
it does occur, mortality is not lower than that seen among patients with STEMI 
complicated by shock (72.5% vs. 63.0% in the GUSTO lib population, respec- 
tively, P — NS) [28]. Recognition of the risk factors for shock and prevention of 
reinfarction post NSTEMI are important. 

The finding that cardiogenic shock complicates unstable angina or NSTEMI 
extends the current shock paradigm in two respects: (1) ACS with or without ST- 
segment elevation can be complicated by cardiogenic shock; and (2) myocardial 
ischemia alone (without infarction) can be complicated by cardiogenic shock. 
The difference in time to development of shock between patients with versus 
those without ST elevation suggests variation in the underlying mechanisms of 
the condition. Moreover, it may reflect differences in the baseline clinical and 
demographic characteristics, differences in antecedent cardiac function, and 
differences in the extent and nature of the coronary artery disease. It may also 
reflect the difference in the pathogenesis of the acute event, an abrupt closure 
of the coronary artery in STEMI versus a gradual and more diffuse compromise 
in coronary blood flow without total occlusion of the artery in NSTE ACS. 

Risk factors 

Risk of development of cardiogenic shock 

Timely recognition of a high-risk group of ACS patients prone to developing 
cardiogenic shock can be used as the central strategy for improving survival 
by avoiding measures that lead to iatrogenic shock (see below) and providing 
adequate therapeutic measures that can halt the deterioration that leads to this 
devastating condition. 



Chapter 1 Diagnosis, epidemiology, and risk factors 13 




E 
O 




fa 


Infarcti 


T> 

E 


EDP (> 


> 




> 


cc 


a en 


DC 




> ° 






O 





:um 




CL 




Shift of 
utricular Sc 
toward LV 


-► 


> 




Intt 






c 

QJ 

X 

S 

cn 
bC 

c 

3 



co 3 
O X 



X cj QJ 



b x 



Oh I 

T3 O 

c 05 



QJ 

cc 

s > 

2 « 



X JS 

3 5 



w 
U 
< 

X 

X cc 

S B 



S 3 



X O QJ 



cfl cc ca T3 



.9 -3 



„ - J § * 
r, .5 



£ x 

cc qj 

0) h-. 

S g 

cc 'K 

01 Oh 

■ ^ qj 

oj p< 

1 7 

bo h 

.6 1 



5 JS 

u X 

si ^ "•g ■£ 



it 



3 

>, 
X 

T5 



4 r ? 



cc 3 
> X 



-> -a 

PS cc 

C bo 

° Ej 

r/i I — I 



B £ sB >< 



QJ O £ 



3 £ 



Oh -g 



.2 o « 



2 S 



c x 

QJ t>0 



r § .a s 



.s 



■d 52 td oj n 



0) T3 



>i _ QJ -t-> 

be « T3 3 

O co X 

.9 'ta 3 > 



Jr. 

O- 

o 



T5 
T5 



X £ 



O P. 

X X 

p 5 OJ 

> Qj 

co Xi 

03 O 

QJ QJ 

| | 

3 g 



cfi 

QJ QJ 

X X 

>^ £ 
2 o 
S *i 



8.1 

QJ TS 

B 



X 
H 



43 QJ 53 cC 



&- B x- 



o 

X 



S Oh 

l-S ■ 



£ 2 

^ o 

m qj 

£ s 
| a 

o 

to 
o 

x 



u 

C/3 



2. u 



X cc 

6 -6 



2 | 

° 5 

x ro 

CO Oh 



s s 

° fe 

s PS 

CC QJ 



o 
X 
«" 
X 

1 

QJ 



14 Cardiogenic Shock 



Certain demographic and clinical parameters are strongly associated with 
the development of shock. Leor and colleagues [25] reported that independent 
predictors for in-hospital shock were older age, female sex, prior angina, prior 
stroke, and peripheral vascular disease. Hands and colleagues [36] reported 
that the risk factors for developing cardiogenic shock were age >65 years, an 
LV ejection fraction <35%, larger infarct size (as estimated by serial cardiac 
marker measurements), prior MI, and diabetes mellitus. In these earlier studies, 
parameters from physical examination were not included in the analyses. 

In an analysis of the GUSTO-I dataset [39] that included patients after fibri- 
nolytic therapy, older age was the variable most strongly associated with the 
occurrence of shock; for every 10-year increase in age, the risk of developing 
shock was greater by 47%. Simple parameters derived from physical examina- 
tion, such as systolic blood pressure, heart rate, and Killip class, among patients 
who did not present with cardiogenic shock were strong predictors for its sub- 
sequent development. The patient's age, combined with these physical param- 
eters, provided 85% of the information needed to predict shock in this model. 

Risk factors for cardiogenic shock have also been identified among patients 
with NSTE ACS in a retrospective analysis of the PURSUIT trial database [21] . In 
this trial, shock patients who received eptifibatide had a 50% reduction of 30-day 
mortality (58.5% vs. 73.5% for placebo; OR 0.51; 95% CI 0.28, 0.94; P = 0.03). 
Based on the scoring system developed for this analysis, cardiogenic shock was 
predicted primarily by age, the presence of ST depression in the initial ECG, and 
physical findings. Thus, despite the many differences between patients with or 
without persistent ST-segment elevation who develop shock, the baseline demo- 
graphic and clinical variables associated with the development of the condition 
are similar. 

The admission ECG along with relevant anamnestic and hemodynamic 
parameters can provide important information for quick risk stratification of 
acute MI patients. Retrospective analysis of the GUSTO-I clinical trial database 
aimed to determine the ability of initial ECG to predict all-cause mortality at 
30 days following STEMI. After performing multivariable analysis, the sum of 
the absolute ST-segment deviation (both ST elevation and ST depression), heart 
rate, QRS duration, and ECG evidence of prior infarction (Q waves) appeared 
to be the strongest ECG predictors of mortality [40]. 

Bundle branch block on admission is relatively rare but carries important 
prognostic information. In the GUSTO-I trial, of all the 26,003 North American 
patients, 420 (1.6%) had left (n = 131) or right (n = 289) bundle branch block. 
These patients had higher 30-day mortality rates than matched control subjects 
(18% vs. 11%, P — 0.003, OR 1.8) and were more likely to experience cardiogenic 
shock (19% vs. 11%, P = 0.008, OR 1.78) [41]. 

Impaired fasting glucose, a state that precedes the development of diabetes 
mellitus, appears to increase the risk of shock in ACS patients. In the French 
RICO registry [42], 381 (38%) patients had diabetes mellitus, 145 (15%) had 
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impaired fasting glucose, and 473 (47%) had normal fasting glucose. The rate of 
mortality in the group with impaired fasting glucose was twice that observed in 
the normal fasting glucose group (8% vs. 4%, P — 0.049). A significant increase 
in rates of cardiogenic shock (12% vs. 6%, P — 0.011) and ventricular arrhythmia 
(15% vs. 9%, P — 0.035) was observed in the impaired fasting glucose versus the 
normal fasting glucose group. After adjustment for confounding factors (age, 
sex, anterior location, and LV ejection fraction), impaired fasting glucose was a 
strong independent predictive factor for cardiogenic shock (P = 0.005). 

Women may have a higher incidence of cardiogenic shock than men. Data 
from the SHOCK registry [43] indicated a higher prevalence of mechanical 
complications as the cause of shock in women; severe MR occurred in 11.4% of 
women versus 7.1% of men with shock (P = 0.01), and ventricular septal rupture 
developed in 7.7% of women versus 3.5% of men with shock (P = 0.003). Women 
also tend to be older and have higher rates of prior hypertension and diabetes 
mellitus, and lower ejection fractions, than men with shock. 

Outcomes in cardiogenic shock 

The contemporary in-hospital mortality rate for cardiogenic shock remains 
extremely high at about 50-60% for all age groups. Patients with mechanical 
complications have even higher mortality rates, particularly without surgical 
intervention. Those with ventricular septal rupture have the highest mortal- 
ity: 87% in the SHOCK Registry [24]. Papillary muscle rupture had a similarly 
high mortality before the era of surgical intervention, but with prompt surgi- 
cal intervention, mortality is approximately 30% [44]. Surgical techniques for 
repair of free wall rupture are evolving with short-term survival approaching 
the survival after repair of papillary muscle rupture [45]. 

In the SHOCK trial registry examining cardiogenic shock caused by RV 
infarction, mortality was unexpectedly high in patients with predominant RV 
shock and similar to patients with predominantly LV failure shock — despite the 
younger age, lower rate of anterior MI, and higher prevalence of single-vessel 
coronary disease among RV compared with LV shock patients and their similar 
benefit from revascularization [46]. 

Predictors of death in cardiogenic shock once shock has developed 

Demographics and hemodynamics 

Older age has been associated with mortality in a number of trials and registries 
[12,29,47,48]. The apparent lack of survival benefit of early revascularization for 
the elderly in the SHOCK trial was found to be related to a chance imbalance 
in ejection fraction among elderly patients. Higher mortality rates among His- 
panic and African American patients in the SHOCK registry (P = 0.05) did not 
persist after adjustment for patient characteristics and use of revascularization 
(P = 0.26) [49], with all race/ ethnicity subgroups benefiting equally [50]. Female 
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sex was independently associated with outcome in one large registry (ACC- 
NCDR) [48]. Taking all of the evidence into account, female sex does not seem 
to be an independent predictor of poor outcome [29,43,51,52], although it should 
be noted that two larger registries did not report the independent effect of sex 
on outcome [5,30]. 

Diabetic patients with ACS complicated by cardiogenic shock had a higher 
risk profile than nondiabetic patients. In-hospital survival of diabetic patients 
in the SHOCK registry, however, was only marginally lower than that of non- 
diabetic patients after adjusting for risk factors [53]. 

The extent of LV injury that causes cardiogenic shock is generally large, and 
although ST elevation is the more common finding, mortality rates do not differ 
significantly by ST-segment status on the ECG [21,28,38]. 

Hemodynamic variables reflect the severity of the shock syndrome and have 
prognostic value. The hemodynamic measurements with greatest prognostic 
value appear to be cardiac output [12] or those measurements that incorporate 
cardiac output with systolic blood pressure, including stroke work [13] or car- 
diac power [14]. In the SHOCK trial, the strongest association with in-hospital 
mortality was found for cardiac power. Cardiac power was calculated as mean 
arterial pressure x cardiac output/451 [14]. Also in SHOCK, the presence of 
cardiogenic shock on admission appeared to be an independent predictor of in- 
hospital mortality as compared with cardiogenic shock that developed during 
hospitalization (68% vs. 49%, P = 0.039), reflecting more deranged hemody- 
namics in those with shock at the time of admission [35]. 

Angiographic and echocardiographic predictors 

Angiography in patients with cardiogenic shock most often demonstrates mul- 
tivessel coronary disease (left main stenosis in 23% of patients, 3-vessel disease 
in 64% of patients, 2-vessel disease in 22% of patients, and 1-vessel disease 
in 14% of patients) [47]. In the SHOCK trial, angiography also revealed high 
rates of the left anterior descending coronary artery as the predominant cul- 
prit, as well as reduced coronary flow and complex lesion types [54]. Com- 
pensatory hyperkinesis is a favorable response, which develops in myocardial 
segments that are not involved in acute MI; this response helps maintain car- 
diac output. Failure to develop such a response, because of previous infarction, 
high-grade coronary stenosis, or metabolic abnormalities that develop remote 
from a large infarct zone, is an important risk factor for cardiogenic shock 
and death. 

In a SHOCK trial substudy 175 echocardiograms were performed within 24 
hours of randomization to the early revascularization (ERV) or initial medical 
stabilization groups [55]. Median LV ejection fraction was 28%. MR of at least 
moderate degree was seen in 39% of patients; severe MR was an exclusion 
criterion for the trial. Short- and long-term mortality were independently asso- 
ciated with initial LV systolic function (EF) and mitral regurgitation (MR) as 
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assessed by echocardiography. LV volumes were not independently associ- 
ated with death. The benefit of ERV was seen across the spectrum of base- 
line ejection fraction and MR (in a population that excluded shock due to 
severe MR). 

Risk models for shock mortality 

The large database of the American College of Cardiology-National Cardiovas- 
cular Data Registry (ACC-NCDR) [48] identified 483 patients who underwent 
PCI for cardiogenic shock secondary to acute MI among 326,369 consecutive 
PCI procedures, performed at 243 institutions between January 1, 1998, and 
September 1, 2002. Female sex, advanced age, baseline renal insufficiency (cre- 
atinine > 2.0 mg/ dL), and total occlusion of the left anterior descending artery 
were identified as independent predictors of in-hospital mortality. 

Although useful, this model does not address patients who were not selected 
for PCI or the benefit of PCI in patients at different levels of risk. A risk model 
using data from the SHOCK trial and registry has been developed and allows 
good discrimination of risk with and without use of early revascularization 
[56]. Two stages of risk assessment were identified: with and without inva- 
sive hemodynamic measurements. The model without invasive hemodynamics 
includes age, systolic blood pressure, anoxic brain injury end-organ hypoperfu- 
sion, shock on admission, creatinine > 1 .9, prior C ABC, and non-inferior location 
of MI. If EF was available, it replaced non-inferior MI as a marker of risk. In the 
model that includes invasive hemodynamics, older age, lower LV ejection frac- 
tion, anoxic brain damage, end-organ hypoperfusion, and lower stroke work 
are independent predictors of death. The addition of invasive hemodynamics 
reduced the number of terms in the model but added only modestly to risk 
discrimination. 

Both of these risk models from the SHOCK trial and registry demon- 
strated better survival among patients undergoing emergency revascularization 
regardless of risk category. 

Improvement in survival of cardiogenic shock over time 

The outcome of cardiogenic shock seems to have improved slightly during a 
23-year period with the greatest improvement in mortality during the 1990s 
[5]. From 1975 through 1990, the in-hospital mortality from cardiogenic shock 
averaged 77%, declining to 61% between 1993 and 1995 and further to 59% 
in 1997. Revascularization was strongly associated with survival [5] in this 
community-based sample. The SHOCK trial established the usefulness of an 
aggressive approach to cardiogenic shock patients [47,57]. Emergent coronary 
revascularization became the standard of care for cardiogenic shock due to 
pump failure and is highly recommended by American Heart Association and 
American College of Cardiology guidelines for the treatment of unstable angina 
and non-ST elevation as well as ST-elevation MI [58,59]. 
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Implementation of the guideline recommendation for emergency revascular- 
ization in patients with acute MI and shock appears to have caused an additional 
decline in in-hospital mortality from 60% in 1995 to 48% by 2004 among patients 
in the US National Registry of Myocardial Infarction [30]. In the last decade, 
the in-hospital mortality rate in large "real-world" registries is remarkably 
consistent at 50-60%. In the Global Registry of Acute Coronary Events (GRACE), 
which enrolled patients between 1999 and 2001, the in-hospital mortality rate 
for cardiogenic shock patients was 59% [52]. In the Euro Heart Survey of ACS, 
the in-hospital mortality rate for cardiogenic shock was 52% in a period span- 
ning 2000-2001 [22]. In-hospital mortality was 59.4% in 1998-2002 in the large 
database of the ACC-NCDR [48]. 



Iatrogenic shock 

Medications often used in the early management of ACS, such as beta-blockers, 
angiotensin converting enzyme inhibitors, and morphine all exert a profound 
effect on systemic hemodynamics, and thus have been associated with the 
development of shock (Fig. 1.4) [60-62]. In the Clopidogrel and Metoprolol in 
Myocardial Infarction Trial (COMMIT) [60], cardiogenic shock was a secondary 
outcome. Unexpectedly, this mega-trial found no reduction in 30-day, all-cause 
mortality with the early use of IV followed by oral beta blockers. This was largely 
due to an increased risk of cardiogenic shock, especially during the first day, 
which offset a reduction in reinfarction and ventricular fibrillation. Therefore, 
in patients with high risk for the development of cardiogenic shock, early use of 
beta-blocking agents is a newly recognized iatrogenic risk factor. Variables that 
were determined to be independently associated with excess risk of cardiogenic 
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Fig. 1.4 Excess risk of cardiogenic shock associated with medication use in randomized 
trials* and registry+. 
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shock were older age (>70 years), female sex, higher Killip class (>Class I), later 
time from symptom onset, definite ECG abnormalities, lower blood pressure 
(<120 mm Hg systolic), higher heart rate (> 110 beats per minute), and previous 
hypertension. 

The COMMIT findings demonstrate that early, IV beta blockade is contraindi- 
cated in patients with basilar rales or S3 gallop or pulmonary edema (Killip 
Class II— III) . In contrast, it is strongly recommended to initiate low-dose oral 
beta-blockers prior to discharge with a gradual titration regimen, as used for 
chronic heart failure patients, for patients with MI and LV dysfunction. 

As has been shown previously, medications that are beneficial in the long term 
after MI may be deleterious in some patients in the short term. A very large 
meta-analysis of early use of angiotensin-converting enzyme inhibition found 
an excess of cardiogenic shock of 4.6 patients per 1000 treated. In this study, older 
age, lower blood pressure, and higher heart rate at presentation were associ- 
ated with the development of cardiogenic shock [62]. Interestingly, nitrate use 
was not associated with excess risk of cardiogenic shock in a randomized trial 
[63]. Given the widespread use of these medications, their potential deleterious 
effect is significant, and thus these agents should be used vigilantly in patients 
at risk. 

In certain cases, depletion of intravascular volume with diuretics may also 
contribute to the development of shock (Fig. 1.3). The underlying mechanism 
entails decreased LV compliance caused by ischemia, and consequent redistri- 
bution of intravascular volume into the lungs leading to depletion of systemic 
intravascular volume. The administration of diuretics in this state may fur- 
ther deplete systemic intravascular volume, resulting in shock. Thus, when 
pulmonary edema complicates ACS, treatment with low-dose diuretics in con- 
junction with low-dose nitrate and positioning of the patient is preferable. 

Conversely, volume loading may also cause shock in the case of RV infarction. 
In this clinical setting, the classical teaching is that RV pressure and thus cardiac 
output is maintained by volume supplementation. In fact, RV diastolic pressure 
is often high in the course of RV infarction, and excess fluid administration 
may lead to movement of the interventricular septum into the left ventricle, 
compromising LV systolic and diastolic function [64]. Invasive measurement or 
noninvasive estimation of right atrial pressure should be performed in cases of 
RV infarction with shock; the optimal range in most patients is 10-15 mm Hg, 
but there is variability among patients and the best range must be identified for 
the individual patient. 

Long-term outcome 

Available data regarding long-term outcome of patients with cardiogenic shock 
and acute MI show that, by far, the largest mortality risk is in the early period 
after infarction. In the SHOCK trial population, the 6-year survival rates for 
hospital survivors was 62.4% versus 44.4% for the early revascularization and 
initial medical stabilization groups, respectively, with annualized death rates 



20 Cardiogenic Shock 



of 8.3% versus 14.3% and, for the 1-year survivors, 8.0% versus 10.7% [65]. 
Assignment to early revascularization was the only independent predictor of 
1-year survival [66]. Singh and colleagues showed that, among patients with 
cardiogenic shock who survived 30 days after fibrinolytic treatment of STEMI in 
the GUSTO-I trial, annual mortality rates over the ensuing 15 years were 2% to 
4%. These mortality rates approximate those of patients without shock [67]. Fur- 
thermore, patients who survive cardiogenic shock usually have good functional 
status, with up to 80% completely asymptomatic and most in functional class I 
or II [66]. 

Therefore, an aggressive approach to diagnosis and early treatment of car- 
diogenic shock is strongly recommended in all candidates. 
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Introduction 

The predominant cause of cardiogenic shock is left ventricular (LV) failure in 
the setting of acute myocardial infarction [1]. Cardiogenic shock usually results 
from an extensive acute infarction, although a smaller infarction in a patient 
with previously compromised LV function may also precipitate shock. Cardio- 
genic shock can also be caused by mechanical complications of infarction, such 
as acute mitral regurgitation, rupture of the interventricular septum, rupture 
of the free wall, or by large right ventricular (RV) infarctions. The distribu- 
tion of causes of cardiogenic shock complicating acute myocardial infarction 
in the prospective SHOCK trial registry [1] is shown in Fig. 2.1. LV failure 
accounted for 79% of cases, with mechanical causes comprising 12% and iso- 
lated RV infarction comprising 3%. Causes such as coexistent severe valvular 
heart disease, excess dosing of beta-blocker or calcium channel blocker therapy, 
severe dilated cardiomyopathy, recent hemorrhage, or cardiac catheterization 
laboratory complications accounted for the remaining 7% [1]. Other important 
etiologies of cardiogenic shock include end-stage cardiomyopathy, prolonged 
cardiopulmonary bypass, valvular disease, myocardial contusion, sepsis with 
unusually profound myocardial depression, fulminant myocarditis, and apical 
ballooning [1,2]. Concurrent conditions, such as hemorrhage or infection, may 
also contribute to shock. 

Regardless of the initiating cause, the primary inciting factor in cardiogenic 
shock is the heart's inability to deliver cardiac output sufficient to maintain 
adequate perfusion. Accordingly, this chapter will start with consideration of 
systemic hemodynamic abnormalities in cardiogenic shock, with an emphasis 
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Fig. 2.1 Causes of cardiogenic shock in patients with myocardial infarction in the 
SHOCK registry (N = 1190) and trial cohort (N = 232 enrolled concurrently to the 
registry). (Adapted from Hochman, et al. J Am Coll Cardiol 2000;36:1063-1070). Six 
patients fell into more than 1 category. Abbreviations: LV, left ventricular; RV, right 
ventricular; MR, mitral regurgitation; VSD, ventricular septal defect. (Total 
percentage is slightly more than 100% due to rounding off.) 

on how those abnormalities may initiate a self-sustaining vicious cycle in which 
myocardial dysfunction begets ischemia, which further worsens myocardial 
dysfunction. We will also consider the vascular consequences of abnormal 
hemodynamics in shock, which include adaptive mechanisms that cause vaso- 
constriction in an attempt to maintain blood pressure, mechanisms that may 
increase afterload, and, conversely, situations in which abnormal vasodilation 
contributes to hypotension in cardiogenic shock. 

We will then discuss myocardial pathology, including mechanisms of expan- 
sion of myocardial infarction, consequences of remote ischemia, diastolic abnor- 
malities, and the contribution of valvular dysfunction. We will also consider 
cellular pathophysiology in cardiogenic shock. Finally, mechanisms of revers- 
ible myocardial dysfunction will be discussed, since the potential for reversibil- 
ity provides the rationale for both reperfusion and supportive therapies in 
cardiogenic shock. 

Systemic effects 
Classic paradigm 

Cardiac dysfunction in patients with cardiogenic shock is usually initiated by an 
extensive myocardial infarction, although a smaller infarction in a patient with 
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Fig. 2.2 The "downward spiral" in cardiogenic shock. Stroke volume and cardiac output 
fall with LV dysfunction, producing hypotension and tachycardia that reduce coronary 
blood flow. Increasing ventricular diastolic pressure reduces coronary blood flow, and 
increased wall stress elevates myocardial oxygen requirements. All of these factors 
combine to worsen ischemia. The falling cardiac output also compromises systemic 
perfusion. Compensatory mechanisms include sympathetic stimulation and fluid 
retention to increase preload. These mechanisms can actually worsen cardiogenic shock 
by increasing myocardial oxygen demand and afterload. Thus, a vicious cycle can be 
established. Abbreviations: LVEDP, left ventricular end diastolic pressure. (Reprinted 
with permission from Hollenberg et al, Ann Intern Med 1999;31:47-59.) 

previously compromised LV function may also precipitate shock. Myocardial 
dysfunction resulting from ischemia worsens that ischemia, creating a down- 
ward spiral (Fig. 2.2) [2] . When a critical mass of LV myocardium becomes ische- 
mic or necrotic and fails to pump, stroke volume and cardiac output decrease. 
Myocardial perfusion, which depends on the pressure gradient between the 
coronary arterial system and the left ventricle, and on the duration of diastole, is 
compromised by hypotension and tachycardia, thereby exacerbating ischemia. 
The increased ventricular diastolic pressures caused by pump failure further 
reduce coronary perfusion pressure, and the additional wall stress elevates 
myocardial oxygen requirements, further worsening ischemia. 

LV dysfunction increases left atrial (LA) pressure, and ischemia increases 
diastolic stiffness, increasing LA pressure. This in turn may result in pulmonary 
congestion and consequent hypoxia, which can exacerbate myocardial ischemia 
as well as impair RV performance. Fluid retention and impaired diastolic filling 
caused by tachycardia and ischemia may result in pulmonary congestion and 
hypoxia. 



Chapter 2 Pathophysiology 29 



When myocardial function is depressed, several compensatory mecha- 
nisms designed to increase cardiac output are activated, including sympa- 
thetic stimulation to increase heart rate and contractility and activation of 
the renin /angiotensin/ aldosterone system, which leads to renal fluid retention 
and increased preload. These compensatory mechanisms may become mal- 
adaptive and can actually worsen the situation when cardiogenic shock devel- 
ops. Increased heart rate and contractility increase myocardial oxygen demand 
and exacerbate ischemia. Natriuretic peptides are also released in response to 
increases in wall stress [3]. These molecules have vasodilatory effects, although 
the extent to which they offset vasoconstrictive influences in the setting of car- 
diogenic shock is uncertain. 

The vascular response to impaired cardiac output is vasoconstriction to main- 
tain systemic blood pressure and coronary perfusion pressure. However, this 
increases myocardial afterload and may further impair cardiac performance 
and increase myocardial oxygen demand. This increased demand, in the face of 
inadequate perfusion, worsens ischemia and begins a vicious cycle that may end 
in death if not interrupted (Fig. 2.2); the interruption of this cycle of myocardial 
dysfunction and ischemia forms the basis of therapeutic regimens for cardio- 
genic shock. Impaired systemic perfusion can also lead to lactic acidosis, which 
further compromises systolic performance. 

Effects of inflammation on hemodynamics 

Recent data suggest that not all patients fit into this classic paradigm. In the 
SHOCK trial, the average systemic vascular resistance (SVR) was not elevated 
and the range of values was wide, suggesting that compensatory vasoconstric- 
tion is not universal. Supporting this notion is the fact that the mean ejection 
fraction in the SHOCK trial was only moderately decreased (30%), indicating 
that mechanisms other than pump failure were at work [4,5]. In the SHOCK 
trial, some patients had fever and elevated white blood cell counts along with 
decreased SVR, suggesting a systemic inflammatory response syndrome [6]. 
This has led to an expansion of the classic paradigm to include the possibility 
that inflammatory responses contribute to vasodilation and myocardial dys- 
function, leading clinically to persistence of shock (Fig. 2.3) [7]. 

The heart releases cytokines after myocardial infarction [8], which can activate 
inducible nitric oxide synthase (iNOS), leading to vasodilation and worsening 
hypotension [9]. High levels of nitric oxide resulting from iNOS expression are 
associated with LV dysfunction [10]. Under the right conditions, nitric oxide 
can also combine with superoxide to form peroxynitrite, a toxic radical that can 
impair myocardial contractility [11]. Recent findings suggest that nitric oxide 
synthase and arginase may be elevated in cardiogenic shock and that levels 
of endogenous nitric oxide inhibitors correlate with hemodynamic dysfunction 
and excess mortality [12]. 
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Fig. 2.3 Expansion of the pathophysiologic paradigm of cardiogenic shock to include 
the potential contribution of inflammatory mediators. Abbreviations: LVEDP, left 
ventricular end diastolic pressure; NO, nitric oxide; iNOS, inducible nitric oxide 
synthase; ONOO - , peroxynitrite; SVR, systemic vascular resistance. (Reprinted with 
permission from Hochman, Circulation 2003;107:2998-3003.) 



Circulating inflammatory mediators, including interleukin-6 (IL-6) and 
tumor necrosis factor, are also increased in cardiogenic shock, and IL-6 lev- 
els correlate with organ failure and excess mortality [13]. Interestingly, inflam- 
matory mediators may cause BNP release [3] and so elevated BNP levels in 
cardiogenic shock may be markers not only of hemodynamic decompensation 
but also of the degree of inflammation. These immune-activated mechanisms 
that result in inappropriate vasodilation and myocardial dysfunction appear to 
be common to a number of different forms of shock [3,14]. 

In addition to abnormalities in the macrocirculation, there may be micro- 
circulatory abnormalities as well. Orthogonal polarization spectral imaging, a 
technique that allows direct observation of microcirculatory flow, has been used 
to demonstrate decreased small-vessel perfusion in the sublingual circulation 
in patients with cardiogenic shock [15]. Both the proportion of vessels with 
absent flow and the proportion of vessels with intermittent flow were increased 
in shock. The perturbations in microvascular flow seen in patients with car- 
diogenic shock are qualitatively and quantitatively similar to those observed 
in patients with septic shock [16,17]. Inflammatory cascades activated in both 
septic and cardiogenic shock may have similar effects on the microcirculation, 
potentially mediated by the effects of iNOS, oxidative stress, and peroxynitrite 
described above. Microcirculatory abnormalities, particularly those leading to 
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regional heterogeneity in blood flow, play an important role in the pathogenesis 
of organ failure. 

Myocardial pathology 

Acute myocardial infarction is a dynamic process that evolves over hours. There 
is a central zone of infarction, surrounded by a border zone of jeopardized 
ischemic myocardium that may be salvageable by reperfusion. If reperfusion is 
not established, a "wavefront" of necrosis proceeds outward from the central 
core [18]. The amount of myocardial necrosis is an important predictor of the 
propensity to develop cardiogenic shock. An autopsy study reported by Page 
and colleagues of 34 patients dying after myocardial infarction found that, of 
the 20 patients who had cardiogenic shock, 19 had necrosis of 40% or more 
of the LV mass, whereas 13 of the 14 patients who died without shock had 
infarctions less than 35% of LV mass [19]. Similar findings were reported by 
Alonso and colleagues, with an average of 51% of the LV necrosed in patients 
dying with cardiogenic shock, compared with 23% average necrosis in patients 
dying suddenly with arrhythmias [20]. These studies led to the concept that 
pump failure ensues after a critical mass of LV myocardium is lost. 

Loss of myocardium is not necessarily confined to the initial infarction period, 
however. Progressive myocardial necrosis has been frequently observed in clin- 
ical and pathologic studies of patients with cardiogenic shock [19,21]. This is 
consistent with epidemiologic observations that indicate that the majority of 
hospital patients develop shock over a period of hours to days after initial 
presentation [1,22]. Patients who develop shock after admission often have evi- 
dence of infarct extension, which represents additional myocardial necrosis after 
the initial insult. Infarct extension can result from reocclusion of a transiently 
patent infarct artery, propagation of intracoronary thrombus, or a combination 
of decreased coronary perfusion pressure and increased myocardial oxygen 
demand [23,24]. Myocytes at the border zone of an infarction are more suscep- 
tible to additional ischemic episodes; therefore, these adjacent segments are at 
particular risk [25]. This marginal extension has been termed "piecemeal necro- 
sis" and appears pathologically as foci of necrosis more recent than the original 
infarction [26]. Reinfarction is not only a cause of cardiogenic shock, but is also 
associated with high mortality; in one series almost one-fourth of patients with 
early reinfarction after fibrinolytic therapy developed cardiogenic shock [27]. 

Infarct expansion is conceptually distinct and refers to expansion and thin- 
ning of the infarct area in the first hours to days of acute myocardial infarction 
as myocytes slip past each other. Infarct expansion is an early form of patho- 
logic remodeling that can distort both regional and global ventricular geometry 
and lead to increased wall stress [26]. Infarct expansion causes enlargement of 
the left ventricle, which initially serves as a compensatory mechanism to main- 
tain stroke volume. However, this increases wall stress, which in turn imposes 
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additional mechanical strain on myocytes, potentially causing further slippage. 
Infarct expansion is seen most dramatically after extensive anterior myocardial 
infarction and is often an important contributor to late development of cardio- 
genic shock [24,26]. Despite the conceptual distinction between infarct expan- 
sion and infarct extension, there is a gray area in which infarcts may enlarge by 
a combination of both mechanisms. Localized increases in wall stress resulting 
from infarct expansion can increase oxygen demand and compromise viability 
of marginally perfused myocytes in border zones. In addition, regional increases 
in wall stress can active matrix metalloproteases, contributing to thinning and 
stretching of the infarct area, and can also lead to nonischemic infarct extension 
by inducing myocyte apoptosis in border areas [28]. 

Remote ischemia 

Pump failure in cardiogenic shock need not result only from infarcted 
myocardium; myocardial ischemia can contribute significantly to systolic dys- 
function. Ischemia remote from the infarct zone may be particularly important 
in this respect [29,30]. Patients with cardiogenic shock usually have multives- 
sel coronary artery disease [1,21], with limited vasodilator reserve, impaired 
autoregulation, and consequent pressure-dependent coronary flow in sev- 
eral perfusion territories [31]. Hypotension can thus limit coronary perfusion 
pressure, thereby impairing the contractility of noninfarcted myocardium in 
patients with shock [32]. In addition, secondary effects of hypoperfusion, such 
as hypoxia, acidosis, and metabolic derangements, can further impair contractil- 
ity of uninfarcted muscle. This can limit hyperkinesis of uninvolved segments, 
an important compensatory mechanism typically seen early after myocardial 
infarction [29,30]. 

Diastolic function 

Myocardial diastolic function is also impaired in patients with cardiogenic 
shock. Myocardial ischemia decreases compliance, increasing LV filling pres- 
sure at a given end-diastolic volume [33]. Greater LV diastolic pressures increase 
myocardial oxygen demand and decrease coronary perfusion pressure, further 
exacerbating ischemia and ventricular dysfunction. Elevation of LV pressures 
can lead to pulmonary edema and hypoxemia (Fig. 2.2). 

Valvular abnormalities 

In addition to abnormalities in myocardial performance, valvular abnormalities, 
particularly mitral regurgitation, can contribute to increased pulmonary conges- 
tion (see Chapter 7). Rupture of a papillary muscle or adjacent chordae tendinae, 
through release of metalloproteases, is a mechanical complication of myocar- 
dial infarction that is well known to precipitate cardiogenic shock. Its presen- 
tation is dramatic, with rapid onset of pulmonary edema and shock. Papillary 
muscle rupture, however, is relatively uncommon. A much more common and 
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more important contributor to myocardial dysfunction is ischemic mitral regur- 
gitation. 

The classic view of ischemic mitral regurgitation is that it results from dys- 
function of the papillary muscles. This view has been challenged by animal 
experiments demonstrating that inducing papillary muscle dysfunction does 
not cause either prolapse of the mitral valve leaflets or mitral regurgitation [34]; 
mitral regurgitation occurred in this model only when global LV dysfunction 
with ventricular dilation was present [34]. Ischemic mitral regurgitation appears 
to result primarily from changes in LV geometry that cause displacement of the 
papillary muscles so that they no longer effectively close the mitral valve in sys- 
tole [35]. As such, ischemic mitral regurgitation is a dynamic process and may 
change over time, which has implications for its correction [35]. With respect 
to the development of cardiogenic shock, postinfarction remodeling may cause 
ischemic mitral regurgitation, precipitating the development of shock and/or 
contributing to its severity. 

Cellular pathology 
Myocardial energy metabolism 

The heart normally extracts virtually all of the oxygen supplied by coronary 
flow; thus, its ability to compensate for decreases in flow by increasing oxy- 
gen extraction is extremely limited. Under normal aerobic conditions, cardiac 
metabolism of fatty acids supplies 60-90% of the energy required for the syn- 
thesis of adenosine triphosphate (ATP); the rest comes from oxidation of pyru- 
vate formed by glycolysis. Approximately two-thirds of ATP used by the heart 
goes to contractile shortening; the remaining one-third is used by sarcolem- 
mal, sarcoplasmic reticulum, and mitochondrial ion pumps [36]. With sudden 
occlusion of a major branch of a coronary artery, oxidative phosphorylation in 
mitochondria is shut off, and ATP formation is consequently reduced. Myocar- 
dial metabolism shifts from aerobic to anaerobic glycolysis within seconds, 
and the reduced aerobic ATP formation stimulates an increase in myocardial 
glucose uptake and glycogen breakdown. During ischemic conditions, there 
is production of lactate from pyruvate, which leads to a rise in tissue lactate 
and H + , resulting in lower intracellular pH and a reduction in contractile func- 
tion [36]. 

Cellular ion pumps 

With prolonged myocardial cellular hypoxia, ATP and intracellular energy 
reserves are depleted, and active energy-dependent ion transport pumps even- 
tually fail. Cellular homeostasis is ordinarily maintained by active cation 
pumps (most prominently sodium ATPase, calcium ATPase, sodium-potassium 
ATPase, sodium-calcium ATPase, and sodium-hydrogen ATPase) that coun- 
terbalance flow along electrochemical gradients. In the absence of active pump 
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fluxes, transmembrane movements of sodium, calcium, potassium, and hydro- 
gen are determined by these electrochemical gradients [37]. Sodium flows down 
its concentration gradient into the cell, and the resulting increase in cellular 
osmolarity brings water with it by osmosis. Calcium, chloride, and hydrogen 
leak inward as well, whereas potassium and magnesium leak out [38]. 

Myocyte necrosis 

Increased cellular osmolarity causes microscopically identifiable swelling of 
the cytoplasmic space and cellular organelles, as well as formation of plasma 
membrane blebs. If inward sodium leakage continues unabated, the swollen 
myocytes develop holes and ultimately rupture, eliciting an inflammatory 
response. This process is most commonly referred to as necrosis, although oncosis 
is a more precise term [38]. 

Failure of cellular energy metabolism can also lead to activation of intracel- 
lular lysosomes, organelles involved in the cellular digestive machinery. Lyso- 
somes contain acid phosphatases, which are normally latent because lysosomal 
pH is tightly regulated by energy-dependent proton pumps [38]. When ATP is 
depleted, failure of both the lysosomal and sarcoplasmic ion pumps can lead 
to acidosis with activation of acid hydrolases in the lysosomes, including pro- 
teases, phospholipases, glucosidases, and endonucleases [38]. Failure of calcium 
pumps with consequently increased intracellular calcium also increases activ- 
ity of calcium-dependent enzymes, including proteases, phospho lipase A 2 , and 
endonucleases. Accumulation of hydrolytic products, such as amino acids, free 
fatty acids, and other metabolites, within lysosomes creates an osmotic load 
that can lead to swelling and eventually to rupture. When lysosomes rupture, 
proteases and other enzymes are released into the cytosol. These proteases can 
degrade histones in the nucleosomes and thus render unprotected DNA suscep- 
tible to cleavage by endonucleases. The process of pathological autodigestion 
can spread throughout the cell, with devastating consequences [37]. 

Thus, the classic pathological signature of necrotic cell death includes mito- 
chondrial swelling, accumulation of denatured proteins and chromatin in the 
cytoplasm, lysosomal breakdown, and fracture of the mitochondria, nuclear 
envelope, and plasma membrane [37]. Contraction bands in cardiac myofibrils 
are also usually observed. 

Apoptosis 

Accumulating evidence indicates that apoptosis (programmed cell death) may 
also contribute to myocyte loss in myocardial infarction [25,39]. Although 
myonecrosis clearly outweighs apoptosis in the core of an infarcted area, evi- 
dence for apoptosis has been found consistently in the border zone of infarcts 
after ischemia and reperfusion and sporadically in areas remote from the 
ischemia area [25,39]. 



Chapter 2 Pathophysiology 35 



Apoptosis, a term derived from a Greek word that describes the falling of 
petals from a flower, is a mode of cell death distinct from necrosis. Whereas 
necrosis is characterized by swelling of the cell and mitochondria, loss of mem- 
brane integrity, and an intense subsequent inflammatory process, apoptosis 
is associated with shrinkage of the cell, little or no swelling of mitochondria, 
and an initially intact membrane. Apoptotic cells are engulfed by phagocytes 
with only a minimal inflammatory response. Apoptosis is mediated by acti- 
vation of a unique class of aspartate-specific proteases termed caspases, and, 
importantly, is energy-dependent. Apoptosis can be initiated either through an 
external pathway involving stimulation of cell surface death receptors or by an 
internal pathway initiated by mitochondrial repolarization [40]. 

There are a number of potential triggers of apoptosis, but the ones most 
likely to be operative in border zones of acutely infarcting myocardium are 
oxidative stress in the setting of ischemia/ reperfusion, stretching of myocytes, 
and activation of inflammatory cascades [39]. During ischemia and reperfusion, 
reactive oxygen species, increased calcium levels, and free fatty acids present 
in the cytoplasm decrease the mitochondrial transmembrane potential. This 
change in membrane potential can lead to release of cytochrome C into the 
cytoplasm, which activates caspases and can initiate apoptosis. In addition, 
once a critical drop in mitochondrial transmembrane potential has occurred, 
large channels called mitochondrial permeability transition pores are formed, 
fully dissipating the transmembrane gradient and thus uncoupling electron 
transport from ATP synthesis. Formation of these pores is considered a "point 
of no return," after which cell death is inevitable [39]. 

Although there has been debate about the relative magnitude of necrotic 
and apoptotic cell loss in myocardial infarction, and concerns about technical 
aspects of distinguishing the two in this setting, data suggest that approximately 
10% of cells in the border zone are apoptotic [25]. Because apoptosis requires 
energy, it would not be expected in the central anoxic zone but rather along the 
tenuously perfused border zones. Myocyte stretching due to acute remodeling 
as described above, in addition to ischemia, may also stimulate apoptosis. In 
addition, reperfusion is clearly desirable in order to limit the area of necrosis, 
but its benefits may be attenuated by ischemia-reperfusion-induced apoptosis 
in border zones, extending the area of infarction. The time course of apoptotic 
cell death after infarction is very difficult to determine, but some data suggest 
that apoptosis begins within hours of an acute insult, with the result that apop- 
tosis could potentially contribute to clinical deterioration with development of 
cardiogenic shock after acute infarction [25]. Ongoing apoptosis could also be 
an important factor in late remodeling after acute infarction as well. 

What is most important about the notion that apoptotic cell death contributes 
to myocyte loss in acute infarction, however, is that apoptosis is a potential ther- 
apeutic target. Inhibitors of apoptosis have been found to attenuate myocardial 
injury in animal models of postischemic reperfusion [40]. Such inhibitors may 
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also have therapeutic potential for myocyte salvage after large infarctions, but 
both a deeper understanding of the magnitude and mechanisms of apoptosis 
after infarction as well as appropriate clinical trials will be needed [39]. 

Reversible myocardial dysfunction 

A key to understanding the pathophysiology and treatment of cardiogenic 
shock is the realization that areas of myocardium can be nonfunctional, yet 
viable, and can contribute importantly to the development of cardiogenic shock 
after myocardial infarction. This reversible dysfunction is usually described as 
resulting from one of two phenomena (stunning and hibernation), but recent 
findings have blurred their distinction considerably. 

Myocardial stunning 

Myocardial stunning is postischemic dysfunction that persists despite restora- 
tion of normal blood flow. Because normally perfused myocardium is viable, 
myocardial performance is expected to recover completely [41]. Myocardial 
stunning was originally defined in canine models, in which 15 minutes of 
ischemia followed by reperfusion led to prolonged contractile dysfunction 
that required hours or even days for full return of function [42]. Stunning can 
also be observed after more prolonged periods of ischemia. Documentation of 
stunning in clinical practice is challenging because it is necessary to demon- 
strate depressed but reversible regional dysfunction in an area with normal or 
near-normal blood flow. Stunning is more commonly inferred from a delay in 
improvement in myocardial performance after revascularization [43]. Stunning 
has been invoked in a number of clinical situations, including after stress test- 
ing in patients with severe coronary artery disease, in which some patients can 
be shown to have persistent wall motion abnormalities, and after cardiopul- 
monary bypass [41,43]. Bolli and colleagues studied post-bypass stunning by 
leaving an ultrasonic probe on the epicardial surface for 2-3 days in 31 patients 
following bypass surgery; LV wall thickening fell after surgery, reached a nadir 
at 2-6 hours, and subsequently improved, usually returning to baseline by 24- 
48 hours [44]. Direct evidence for myocardial stunning in humans has been 
obtained by demonstrating normal perfusion using positron emission tomog- 
raphy (PET) scanning with 13 N-ammonia to measure myocardial blood flow in 
patients with persistent wall motion abnormalities demonstrated by echocar- 
diography following angioplasty for unstable angina [45]. Myocardial stunning 
in cardiogenic shock might result from global ischemia during cardiac arrest 
or following restoration of coronary blood flow by revascularization after total 
occlusion in acute infarction. 

The pathogenesis of stunning has not been established conclusively but is 
likely a multifactorial process involving a number of cellular perturbations 
and the interaction of several pathogenetic mechanisms. Early experiments 
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in animal models employing 15-minute coronary occlusions indicated that 
oxygen-derived free radicals, particularly hydroxyl (»OH), but also superoxide 
(•02~), hydrogen peroxide (H2O2), and potentially peroxynitrite (ONOO~), are 
liberated during the first few minutes of reperfusion, indicating that stunning 
is at least in part a form of reperfusion injury [42,46]. Free radical scavengers 
are protective, but only when given very early (within 1 minute of initiation of 
reperfusion in some models); even then, protection is not complete [41]. This 
suggests that some of the derangements that produce stunning occur during 
ischemia rather than after reperfusion and that other mechanisms are involved 
as well. Data from isolated cardiac myocytes suggest that circulating myocardial 
depressant substances may contribute to contractile dysfunction in myocardial 
stunning [47]. 

Another line of investigation has implicated perturbation of calcium home- 
ostasis in myocardial stunning. Reperfusion can lead to cellular calcium over- 
load. During ischemia, energy depletion impairs outward sodium pumps and 
intracellular sodium increases, but sodium-calcium exchange is inhibited by 
concomitant acidosis. With reperfusion, the acidosis reverses more quickly than 
the sodium overload, and the reactivated sodium-calcium exchange causes 
transient calcium overload [48]; reactive oxygen species may contribute to cal- 
cium overload as well [49]. Such overload can activate calcium-dependent pro- 
teases, termed calpains. 

Although calcium transients are normal in stunned myocardial cells, respon- 
siveness of the contractile apparatus to calcium is decreased. Evidence suggests 
that calcium responsiveness is decreased by degradation of myofilaments by 
proteases [50]. This notion is an attractive explanation of the transient nature 
of myocardial dysfunction in stunning, as slow recovery would occur with 
resynthesis of new myofilaments [49]. 

The free radical and calcium hypotheses are not mutually exclusive. Free rad- 
ical generation, calcium overload, and decreased myofilament calcium respon- 
siveness may well be different facets of the pathogenesis of stunning. Stunned 
myocardium retains contractile reserve and will respond to inotropic stimu- 
lation. 

Reperfusion injury 

Myocardial reperfusion is required for survival of ischemic myocardium, but 
reperfusion may itself lead to additional myocardial injury beyond that gen- 
erated by ischemia alone. The clinical manifestations of ischemia-reperfusion 
can include myocardial stunning as described above, but may also encompass 
endothelial dysfunction, microvascular injury, and the no-reflow phenomenon. 

Coronary endothelial dysfunction after ischemia and reperfusion has been 
demonstrated in animal models [51] and also in clinical settings, such as fol- 
lowing cardiac transplantation [52]. This dysfunction is characterized not only 
by alterations of vasomotor tone, with a loss of vasodilatory responses and an 
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increased production of vasoconstrictors, but also by activation of platelets and 
neutrophils, both of which can promote inflammation as well as generation of a 
prothrombotic phenotype. Activated neutrophils release cytotoxic and chemo- 
tactic substances, such as cytokines, proteases, leukotrienes, and free radicals. 

Microvascular dysfunction after ischemia/reperfusion results from a com- 
bination of endothelial dysfunction, microvascular obstruction, edema, and 
oxidative stress. Microvascular obstruction may occur because of embolization 
of platelets downstream, either spontaneously or following percutaneous inter- 
vention, formation of in situ thrombus in small vessels, plugging of capillaries 
by neutrophils or swollen injured endothelial cells, or, more likely, a combina- 
tion of these mechanisms. Activated neutrophils release oxygen free radicals, 
proteases, and other inflammatory mediators that further amplify infiltration 
of neutrophils into jeopardized areas of myocardium [53]. Activated platelets 
release vasoconstrictive substances that can exacerbate microcirculatory spasm 
and can also recruit and activate neutrophils [53]. Microcirculatory edema may 
occur simply as a consequence of ischemia, with failure of ion pumps and 
osmotic stress, but may also be worsened by inflammatory mediators. 

When microvascular dysfunction is sufficiently severe, microcirculatory per- 
fusion is compromised despite adequate coronary artery revascularization, 
a phenomenon termed "no-reflow." No-reflow has been detected by nuclear 
scintigraphy, myocardial contrast echocardiography, magnetic resonance imag- 
ing, and PET [51,53,54] and is associated with incomplete resolution of ST 
elevation, increased troponin release, and adverse clinical outcomes, including 
a higher risk of death or myocardial reinfarction [54]. No-reflow may also pre- 
dispose patients to late complications, such as septal or free wall rupture [51]. 

How best to treat patients with no-reflow remains uncertain. Nitroglycerin is 
often ineffective in the presence of severe endothelial damage. Other vasodila- 
tors, such as verapamil, diltiazem, nicardipine, nitroprusside, and adenosine, 
can produce improvement in corrected TIMI frame counts and TIMI flow scores, 
but have not yet been shown unequivocally to improve clinical outcomes [54]. 
Clinical trials of therapies to reduce reperfusion injury (including anti inflam- 
matory agents, complement activation inhibitors, adhesion molecule antibod- 
ies, magnesium, and glucose /insulin/ potassium) have similarly failed to show 
improved outcomes [54]. Other therapies show promise but await testing in 
randomized clinical trials. 

Myocardial hibernation 

Hibernating myocardium is a term originally coined to denote myocardial 
segments with persistently impaired function at rest due to severely reduced 
coronary blood flow; inherent in this definition of hibernating myocardium is 
the notion that function can be normalized by improving blood flow [42,55]. 
Hibernation is viewed as an adaptive response that reduces myocardial contrac- 
tile function in an area of hypoperfusion so as to restore equilibrium between 
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flow and function, thus minimizing the potential for ischemia or necrosis. 
Myocardial cells remain viable, with decreased calcium transients and force 
generation; when flow is restored, calcium transients and force generation 
normalize [56]. 

Patients with viable yet dysfunctional myocardium can be identified by 
a number of methods. Indices of regional wall motion, systolic wall thick- 
ening, and regional coronary blood flow are of limited utility because, by 
definition, hibernating myocardium has reduced systolic function and perfu- 
sion. Methods that reflect intact cellular metabolic processes, cell membrane 
integrity, or myocardial inotropic reserve are more accurate at detecting viable 
myocardium. Such methods include nuclear imaging, usually with 4-hour 
redistribution imaging or late reinjection, dobutamine stress echocardiogra- 
phy, and PET scanning to detect metabolic activity [57]. Of these, PET scanning 
is the most sensitive. Ischemic myocardium uses glucose preferentially as a 
metabolic substrate, and such utilization can be detected by uptake of [ 18 F]- 
fluorodeoxyglucose (FDG). In conjunction with myocardial perfusion imaging 
with 13 N-ammonia, regions with enhanced FDG uptake relative to perfusion 
can be identified [58]. 

Although increasing myocardial oxygen demand might be expected to 
worsen ischemia in hibernating myocardium, it has been shown that such seg- 
ments retain inotropic reserve and will respond to low doses of dobutamine. 
Demonstration of such inotropic reserve by dobutamine echocardiography has 
a positive accuracy of 86% and a negative accuracy of 80% in predicting func- 
tional outcome after revascularization, similar to results achieved with thallium 
reinjection [57]. 

Regardless of the technique used to identify hibernating myocardium, it is 
clear that revascularization can lead to improved segmental and overall myocar- 
dial function [59], which in turn translates into improved prognosis [57]. In the 
context of cardiogenic shock, it is also important to recognize that hibernat- 
ing segments retain some contractile reserve and will respond to low doses 
of inotropic agents, as long as those agents do not induce further ischemia. 
Hibernation remote from the area of infarction may also be important, as 
increased contractility in noninfarcted areas represents an important compen- 
satory response [26,60]. 

Although hibernation is conceptually different from myocardial stunning, 
recent investigations have challenged the clear distinction between the two con- 
ditions. Although ischemic myocardial segments adapt function to perfusion 
over the short term without developing infarction, this tenuous balance cannot 
be maintained for long without at least some necrosis [61]. In fact, in the pres- 
ence of severe stenosis, increases in myocardial oxygen demand can precipitate 
deterioration in metabolism and lactate release. It is now clear that repetitive 
episodes of myocardial stunning can occur in areas of viable myocardium sub- 
tended by a critical coronary stenosis, and that such episodes can recapitulate 
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the hibernation phenotype, complicating the distinction between myocardial 
stunning and hibernation [41,55,62]. 

Regardless of the degree of overlap, the therapeutic implications of myocar- 
dial stunning and hibernation make their consideration vital in patients 
with cardiogenic shock. As previously noted, contractile function of hibernat- 
ing myocardium improves with revascularization, and stunned myocardium 
retains inotropic reserve and can respond to inotropic stimulation [41]. In addi- 
tion, the fact that the severity of the antecedent ischemic insult determines the 
intensity of stunning [41] provides one rationale for reestablishing patency of 
occluded coronary arteries in patients with cardiogenic shock. Finally, the notion 
that some myocardial tissue may recover function emphasizes the importance 
of measures to support hemodynamics and thus minimize myocardial necrosis 
in patients with shock. 

Conclusions 

The pathophysiology of cardiogenic shock is complex and differs from patient 
to patient. Only a minority of patients present with shock, with most devel- 
oping it within the first hours of a myocardial infarction. This suggests the 
potential for prompt intervention to prevent the development of shock. In par- 
ticular, the vicious cycle in which ischemia leads to myocardial dysfunction and 
compensatory mechanisms that in turn worsen ischemia provides a powerful 
rationale for early and aggressive revascularization in patients with cardio- 
genic shock. Other mechanisms, however, may lead to inappropriate vasodi- 
lation, and addressing those mechanisms may have therapeutic potential. In 
addition, microcirculatory abnormalities may play an important role in medi- 
ating hypoperfusion in shock, and the potential regional heterogeneity of those 
perturbations should be addressed by innovative diagnostic and therapeutic 
strategies. 

In the center of the infarct area, oncolytic cell death predominates, but apop- 
tosis may play a role in border zones. Because apoptosis causes a much less dra- 
matic inflammatory response but requires energy, this suggests that restoration 
of blood flow to tenuous areas at the margin of the infarct zone might not only 
save cells but also decrease acute infarct remodeling. In addition, inhibition of 
apoptosis might represent a promising therapeutic target. 

Finally, areas of nonfunctional yet viable myocardium can contribute impor- 
tantly to the development of cardiogenic shock after myocardial infarction. In 
this context, the distinctions among stunning, reperfusion injury, and hiberna- 
tion are less important than the realization that the pathophysiology of these 
overlapping conditions provides a powerful rationale not only for reperfusion 
therapy, but also for supportive therapies aimed at optimizing hemodynamics 
in the early course of cardiogenic shock, since recovery of function may be 
achieved. 
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General management: 
pharmacotherapy and 
mechanical ventilation 

Alexander Geppert and Vladimir Dzavik 



Introduction 

Pharmacotherapy is a key component of the management of patients with acute 
myocardial infarction (MI) complicated by cardiogenic shock. While almost 
none of the pharmaceutical agents commonly utilized to treat patients in car- 
diogenic shock have been studied in trials with adequate power to test their 
effect on mortality, many are nonetheless considered essential to achieve rapid 
hemodynamic stabilization and allow implementation of therapies to reverse 
the process that has led to the shock state. Such therapies include reperfusion 
of the infarct-related artery to improve myocardial function by myocardial sal- 
vage, if shock occurs early after coronary occlusion or on the basis of improved 
flow to ischemic peri-infarct zones, and by preventing coronary reocclusion. 
Ventilation strategies in cardiogenic shock have also been poorly studied and 
are often implemented late in the cardiac intensive care setting. This chap- 
ter reviews the evidence behind the use of common pharmaceutical agents 
utilized in the setting of pump failure and mechanical complications and dis- 
cusses appropriate ventilation strategies. The management of other conditions 
that cause shock, such as hypertrophic cardiomyopathy and critical valvular 
disease, is addressed in Chapters 7 and 8. 

The main goal of vasoactive drug therapy in cardiogenic shock is to optimize 
perfusion while minimizing toxicity, since all inotropic and vasopressor agents 
cause significant toxicity at higher doses. In several cardiogenic shock risk mod- 
els, vasopressor use (number of agents, specific agent used, and higher dosages) 
has been associated with excess mortality [1-3]. This may reflect severity of the 
underlying shock state and/ or toxicity. The European Guidelines for treatment 
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of acute heart failure recommend close monitoring of mixed venous saturation, 
a marker of tissue oxygenation and a parameter easily monitored continuously, 
although modulation of a low mixed oxygen saturation by vasoactive therapy 
to prevent organ failure has not been validated by randomized studies. 

Invasive hemodynamic monitoring (arterial line, cardiac output monitoring) 
is recommended to guide and monitor the effects of the therapy, although the 
goals to be reached have not been consensually defined. It is unclear whether 
efforts should be directed at increasing the cardiac output or targeting a partic- 
ular mean arterial blood pressure. We recommend that the administration and 
titration of vasoactive therapy and volume manipulation be guided by indices 
of organ perfusion (e.g. urine output) while maintaining adequate oxygenation. 

Inotrope and vasopressor therapy 

In spite of the paucity of randomized trial evidence of a therapeutic benefit, phar- 
macologic support with inotropic and vasopressor agents remains a mainstay of 
therapy of patients with acute MI complicated by cardiogenic shock, as recom- 
mended by the American Heart Association (AHA)/ American College of Car- 
diology (ACC) guidelines for the management of patients with ST-elevation MI 
[4] and the ESC/ESICM guidelines for the management of patients with acute 
heart failure [5]. The AHA /ACC guidelines differentiate between low-output 
syndrome without shock and a low-output syndrome with shock. In the former 
it is recommended to begin with an inotrope, e.g. dobutamine; in the latter it is 
recommended to start with dopamine or, if the systolic blood pressure is below 
70 mm Hg, with norepinephrine. In clinical practice, patients are, therefore, usu- 
ally treated with a combination of inotropes and vasopressors. Vasopressors are 
contraindicated in patients with nonhypotensive forms of cardiogenic shock; 
mechanical complications of acute MI that might have been the cause of shock 
should be treated appropriately. Mechanical reperfusion should be undertaken 
based on the results of the SHOCK trial, and intra-aortic balloon counterpul- 
sation should be initiated in the absence of specific contraindications. The ini- 
tial hemodynamic stabilization using catecholamines, often in combination, is 
nevertheless of paramount importance because improvement of organ perfu- 
sion and prevention of multiple organ failure are essential for survival (see 
Table 3.1). From a physiological perspective, inotropic agents shift the star- 
ling relationship (between preload and stroke volume-cardiac output) to a 
higher plateau (increased contractility). The choice and amount of inotropes/ 
vasopressors given in cardiogenic shock might vary substantially among hos- 
pitals and the agents used may have different actions on organ perfusion. 
Dopamine is the preferred primary vasopressor agent in some, and nore- 
pinephrine in others [3]. In general, the lowest possible doses of inotropic 
and pressor agents should be utilized to adequately support vital tissue per- 
fusion while limiting adverse consequences, some of which may not be imme- 
diately apparent. For example, administration of dopamine leads to activation 
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Table 3.1 Inotropic and vasopressor therapy in cardiogenic shock. 


Indication 


Agent 


Dosage 
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of proteolytic enzymes, pro-apoptotic signal cascades, mitochondrial damage, 
and eventual membrane disruption and necrosis due to further augmentation 
of already elevated levels of cytosolic Ca 2 in postischemic cardiac myocytes 
[6]. Moderate doses of combinations of medications may be more effective 
than maximal doses of any individual agent. The combination of dopamine 
and dobutamine at doses of approximately 7.5 ng/kg/min each can result in 
improved hemodynamics and fewer important adverse effects when compared 
to either agent administered individually at 15 ng/kg/min [7]. 

Dobutamine 

Acting via stimulation of f$i and ji 2 receptors, dobutamine is the inotropic agent 
of reference, but has limited effect on increasing arterial pressure. Quite to 
the contrary, the /i-adrenergic effects of dobutamine cause peripheral vasodila- 
tion, although the vasodilating effects observed are usually smaller than those 
observed with some alternative inotropic drugs (see below). While the decrease 
in af terload can further increase cardiac output, a decrease in arterial blood pres- 
sure can result in myocardial ischemia by reducing coronary perfusion pressure. 
The use of dobutamine as a /i-mimetic agent alone is therefore usually restricted 
to nonhypotensive forms of cardiogenic shock. Other potential adverse effects of 
/3-adrenergic stimulation include an increase in myocardial infarct size [8], espe- 
cially if dobutamine administration is followed by a substantial increase in heart 
rate and an increased incidence of arrhythmias. Concerns have also been raised 
regarding tolerance, loss of hemodynamic effect with prolonged use [9], and 
the need for increased dosages in the case of recent /^-blocker therapy [10]. The 
therapy should usually begin with doses between 2 and 5 u.g/kg/min without a 
loading dose and be titrated according to the desired effects. As the elimination 
half-life of dobutamine is very short, its effects are rapidly dissipated when the 
infusion ceases. An increase of dobutamine doses above 20 ^g/kg/min is not 
recommended by the AHA [4] or by the ESC/ESICM [5] guidelines as unto- 
ward side effects of the drug will predominate. Therefore, if maximal doses of 
dobutamine do not produce the desired effect (an increase in cardiac output), 
dobutamine should be combined with alternative drugs, e.g. phosphodiesterase 
inhibitors (PDEIs). Levosimendan, not available for use in North America, is 
commonly utilized for this indication in other parts of the world. 

Dopamine 

As an endogenous central neurotransmitter and immediate precursor to nor- 
epinephrine, dopamine acts on dopaminergic as well as adrenergic receptors, 
eliciting a variety of dose-dependent effects. At low doses up to 3 |j.g/kg/min, 
it stimulates dopaminergic D! postsynaptic receptors concentrated in the coro- 
nary, renal, mesenteric, and cerebral beds, as well as D 2 presynaptic receptors 
present in the vasculature and renal tissues, causing vasodilation and increas- 
ing blood flow to these tissues. Although dopamine is said to have natriuretic 
effects [11], a renal protective effect has not been shown [12]. At doses between 
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3 and 10 u.g/kg/ min, dopamine increases cardiac contractility and chronotropy 
by means of a mild effect on /^-adrenergic receptors, resulting in a release of 
norepinephrine and reduction of reuptake in presynaptic sympathetic nerve 
terminals. A mild peripheral vasoconstrictive effect is also observed that, due 
to an effect on a 1 -adrenergic receptors, becomes pronounced and predominant 
at infusion rates beyond 10 |j.g/kg/ min. 

Dopamine is recommended as the first-line inotropic/vasopressor agent to 
be administered in true hypotensive cardiogenic shock [4]. The infusion should 
begin at 5 |j.g/kg/ min and be rapidly up-titrated to achieve the desired effect 
on blood pressure. Doses beyond 12.5-15.0 ug/kg/ min should be avoided and 
second-line inotropic /vasopressor therapy should be initiated in case of inad- 
equate response to dopamine. The use of "renal dose" dopamine, either alone 
or in combination with other inotropic or vasopressor agents, to maintain or 
improve renal function has been largely abandoned following the results of a 
multicenter trial that failed to demonstrate clinically significant protection from 
renal dysfunction with continuous intravenous infusion of low-dose dopamine 
in critically ill patients at risk of renal failure [12]. Sakr et al. reported a sig- 
nificantly higher mortality in shock patients receiving dopamine (77% received 
doses >5 [ig/kg/ min) as compared to patients who received norepinephrine in 
the Sepsis Occurrence in Critically 111 Patients (SOAP) study, an observational 
study of more than 1000 patients with shock (40% with septic shock) in more 
than 190 European intensive care units (ICUs) [3]. ICU mortality was 42.9% 
in patients receiving dopamine compared with 35.7% in patients not receiv- 
ing dopamine; dopamine use was an independent risk factor for mortality in 
a multivariable analysis [3]. However, it is not clear whether dopamine was 
responsible for this increase in mortality or whether it was simply a surro- 
gate marker of more critically ill patients. Moreover, this association was not 
observed in nonseptic shock patients. 

Norepinephrine 

Norepinephrine is the major endogenous neurotransmitter released by post- 
ganglionic adrenergic nerves. It behaves primarily as a vasoconstrictor but also 
as a mild inotrope, due to its effect on «i-adrenergic receptors and to a lesser 
extent on ,6-receptors. Its major effect is to increase systolic, diastolic, and pulse 
pressure, while its effect on cardiac output is negligible. As a result of the ele- 
vated diastolic pressure and an indirect effect on cardiac myocytes to release 
local vasodilators, coronary flow is also increased [13]. At least in the setting 
of septic shock, it has a more favorable effect on splanchnic circulation than 
epinephrine and may even exert a more favorable action in this regard than 
dopamine [14]. Prolonged administration can result in direct toxicity to cardiac 
myocytes [15]. 

Whether it is utilized as a second-line agent to stabilize patients in cardio- 
genic shock, as recommended by the AHA/ACC guidelines, or as first-line 
therapy, norepinephrine is administered as an infusion ranging from 0.01 to 
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3.0 [ig/kg/min. The median dose administered in patients with persistent 
shock despite an open infarct artery and vasopressor support in the Tilarginine 
Acetate Injection in a Randomized International Study in Unstable MI Patients 
With Cardiogenic Shock (TRIUMPH) was 0.2 ug/kg/min [2]. In contrast to the 
SOAP findings [3], preliminary TRIUMPH results suggest that norepinephrine 
use was independently associated with excess mortality. As noted, this may 
reflect selection of this agent for patients with the most severe shock. 

Epinephrine 

Also an endogenous catecholamine, epinephrine has a high affinity for fi\-, 
f) 2 -, and o^-adrenergic receptors present in cardiac and vascular smooth mus- 
cle, with ft effects being more pronounced at low doses and «i effects at 
higher doses. The net effect of administration is an increase in arterial and 
venous pulmonary pressures. Epinephrine increases coronary blood flow by 
increasing the relative duration of diastole at higher heart rates and, similar 
to norepinephrine, by stimulating myocytes to release local vasodilators [16]. 
Prolonged administration at high doses can cause myocyte apoptosis and dam- 
age the arterial walls, causing focal regions of myocardial contraction band 
necrosis not unlike MI in appearance [17]. The doses of epinephrine in clin- 
ical use are similar to those of norepinephrine. In septic shock, international 
guidelines recommend the combination of dobutamine + norepinephrine over 
epinephrine. In fact, human and animal studies suggest some advantages of 
norepinephrine and dobutamine over epinephrine (less tachycardia, less disad- 
vantageous effects on splanchnic circulation). However a multicenter trial [18] 
comparing the administration of dobutamine + norepinephrine to the admin- 
istration of epinephrine in more than 300 patients with septic shock did not 
find a significant difference in efficacy and safety between epinephrine alone 
and norepinephrine + dobutamine. Similarly an Australian study (CAT study 
[19]) found no significant difference in the time to shock resolution with either 
epinephrine or norepinephrine (35.1 h IQR 13.8-70 h vs 40.0 IQR 14.5-120 h) in 
280 patients who required vasopressors for any cause. There was no difference 
in the maximal daily dose to achieve the predefined mean arterial pressure goal 
and also no significant difference in 28-day and 90-day mortality between the 
subgroup of patients receiving epinephrine and those receiving norepinephrine 
(28-day mortality rates: 22.5% with epinephrine and 26.1% with norepinephrine 
p = 0.48). However, the use of epinephrine was associated with develop- 
ment of significant tachycardia and lactic acidosis, as well as increased insulin 
requirements in the first 24 hours. Of note epinephrine-induced lactic acidosis 
was not associated with loss of haemodynamic efficacy of the vasopressor. 

Phosphodiesterase inhibitors 

Enoximone and milrinone are the two phosphodiesterase inhibitors (PDEIs) 
used in clinical practice. They act by decreasing the rate of intracellular cyclic 
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adenosine monophosphate (cAMP) degradation, thus increasing the concentra- 
tions of cytosolic Ca 2+ . As with dobutamine, the PDEIs increase cardiac con- 
tractility at the expense of increased myocardial oxygen consumption and their 
vasodilatory effects are stronger than those of dobutamine. However, as the 
inotropic effects of dobutamine and PDEI appear to be additive, the two agents 
can be combined in order to increase the desired inotropic effect. Because they 
do not involve the /i-receptor directly, PDEIs can exert their effects even in the 
presence of /S-blocker therapy [10]. 

The drugs are usually started with a bolus dose (25 ng/kg for milrinone and 
250-750 ng/kg for enoximone) over 10-20 min followed by a continuous infu- 
sion of 0.25-0.75 |j.g/kg/min (milrinone) or 1.25-7.5 u.g/kg/min (enoximone). 
Because their vasodilating effects can be problematic in hypotensive patients 
and patients needing vasopressor therapy, we recommend that the bolus dose 
be omitted in cardiogenic shock. 

Another unwanted side effect of the PDEIs is their proarrhythmic potential, 
especially with prolonged use [20]. Furthermore, a post hoc analysis of the 
OPTIME-CHF study data revealed an increased rate of death and rehospital- 
ization in the milrinone-treated patients with ischemic heart disease compared 
to placebo [21], which casts doubt regarding its use in patients with cardiogenic 
shock complicating acute MI. As with levosimendan, there has been no large 
study to date comparing the administration of PDEI with placebo or with dobu- 
tamine in cardiogenic shock. Preliminary results of a small study of 25 patients 
with cardiogenic shock showed that the hemodynamic effects of levosimendan 
and enoximone were comparable [22]. Although there was apparently a lower 
mortality rate in the levosimendan group, the small number of events renders 
the study prone to chance findings [23]. 

Levosimendan 

In contrast to the /S-adrenergic drug dobutamine and PDEIs such as milri- 
none that act via a cAMP-mediated increase in intracellular Ca 2+ concentra- 
tions, levosimendan exerts its positive inotropic effects by Ca 2+ sensitization 
of myocardial myofilaments. Therefore, levosimendan may have a theoretical 
advantage of inducing less tachycardia, fewer arrhythmias, and lower oxy- 
gen consumption than dobutamine or the pure PDEIs like milrinone [24]. 
The metabolism of levosimendan furthermore produces a long-lasting active 
metabolite with similar Ca 2+ sensitization capacity as the parent compound, 
and to which are ascribed the long-lasting positive inotropic effects following 
administration of levosimendan. At high intracellular concentrations, levosim- 
endan might also inhibit phosphodiesterase III [25,26], but this effect is not 
seen at the concentrations that are reached with the clinically recommended 
dosage. In addition, levosimendan seems to have anti-ischemic effects by open- 
ing mitochondrial K A tp channels [27]. By opening ATP-sensitive K + channels, 
levosimendan produces systemic and pulmonary vasodilation [24]. While the 
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decrease in pulmonary resistance might improve right ventricular performance, 
the effects on the peripheral vasculature might be problematic in vasopressor- 
dependent patients. 

Levosimendan is usually started with a bolus dose of 6-12 ug/kg followed 
by a continuous infusion of 0.1-0.2 ug/kg/ min for 24 hours. Vasodilation with 
its drop in blood pressure can usually be prevented by avoiding a bolus dose 
or reducing the bolus dose to 6 u.g/kg, by increasing preload (volume adminis- 
tration), or by increasing the vasopressor dose. In the large randomized studies 
of levosimendan in acute heart failure (e.g. SURVIVE [28], RUSSLAN [29], and 
LIDO [30]), patients with cardiogenic shock and patients on vasopressor sup- 
port were excluded. There are no large randomized studies analyzing the effect 
of levosimendan administration instead of or in addition to dobutamine in 
patients with cardiogenic shock or on vasopressor support. Small observational 
studies [31-33] did not report severe adverse effects of levosimendan use in this 
setting and showed an increase in cardiac output and a decrease in cardiac filling 
pressures. A study of levosimendan administration in 25 patients with refrac- 
tory cardiogenic shock following acute MI reported a 30% increase in cardiac 
output and in cardiac power output (the product of cardiac output and mean 
arterial blood pressure), demonstrating that the increase in cardiac output by 
levosimendan was not solely due to a reduction in af terload [34] . Adverse effects 
included the need to increase the vasopressor dose by about 30% and a parallel 
substantial increase in volume administration [34]. The effects of dobutamine 
(mean and maximum doses not specified) and levosimendan were compared 
in 22 patients with cardiogenic shock following percutaneous coronary inter- 
vention (PCI); levosimendan reached the predefined goal, an increase in cardiac 
power output by 30% more often than dobutamine [35]. Both drugs had sim- 
ilar effects on decreasing pulmonary artery wedge pressure. Whether a 30% 
increase in the vasopressor dose is also acceptable at high vasopressor doses 
without producing an excess in untoward side effects, e.g. on organ perfusion, 
remains to be determined. Although animal data suggest that levosimendan is 
superior in improving gut mucosal blood flow under resting conditions com- 
pared to dobutamine or milrinone, independent of its systemic effects [36,37], 
it remains to be seen whether this alternate inotrope can also improve organ 
perfusion in cardiogenic shock. Despite the theoretical promise, clinical trials 
of levosimendan in patients with severe heart failure have demonstrated dis- 
appointing results compared to dobutamine or placebo [28,38]. 

Vasopressin 

Interest in the possible utility of vasopressin in cardiogenic shock was spurred 
by observations of beneficial effects of the drug during cardiac arrest [39] . Vaso- 
pressin or 'antidiuretic hormone' is a nona-peptide, stored primarily in granules 
in the posterior pituitary gland and released in response to increased plasma 
osmolality, hypotension, pain, nausea, or hypoxia [40]. Synthesis by the heart in 
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response to elevated cardiac wall stress [41] and by the adrenal gland in response 
to increased catecholamine secretion also occurs [42]. Its homeostatic effects on 
the circulation are through V ln receptors in vascular smooth muscle where it 
mediates pressor activity, and Vi& receptors in the pituitary gland, as well as V 2 
receptors in the renal collecting duct system by increasing water permeability 
and thus water reabsorption. Major biological effects include vasoconstriction, 
glyconeogenesis, platelet aggregation, and ACTH (adrenocorticotropic hor- 
mone) release. Coronary and cerebral vessels constrict more in direct response 
to vasopressin than to catecholamines in experimental and cardiac arrest set- 
tings. Vasopressin has a neutral or depressant effect on cardiac output [43,44] 
modulated by a dose-dependent increase in peripheral vascular resistance and 
resultant increase in reflexive vagal tone [45]. In addition, vasopressin increases 
vascular sensitivity to norepinephrine, resulting in further pressor augmen- 
tation, and may also directly promote vasoconstriction, through inhibition of 
ATP-activated potassium channels [46], attenuation of nitric oxide (NO) produc- 
tion [47], and reversal of adrenergic receptor downregulation [48]. Its pressor 
effects are maintained during hypoxic and acidotic conditions, common during 
shock of any etiology. While in the initial phases of shock, endogenous vaso- 
pressin levels are significantly elevated to help maintain end-organ perfusion 
[49]; as the shock state progresses, the levels fall precipitously, possibly due to 
loss of neurohypophyseal stores [50], autonomic dysfunction [51], and inhibi- 
tion of vasopressin release by norepinephrine [52] . Loss of vascular tone, as well 
as worsening hypotension and end-organ perfusion, may ensue. 

Administration of vasopressin may be particularly useful in norepinephrine- 
resistant shock [53] and may decrease the need for higher doses of nore- 
pinephrine, thus reducing cardiotoxicity and proarrhythmia [54]. It may also 
attenuate interleukin-induced generation of NO [55]. For the most part, infor- 
mation on clinical use of vasopressin in shock is derived from studies in noncar- 
diogenic shock states. In a randomized study of 48 patients with catecholamine- 
resistant vasodilatory shock, a combined infusion of vasopressin (4 IU/hr) 
and norepinephrine was found to be superior to norepinephrine alone with 
respect to surrogate endpoints, its administration resulting in significantly lower 
heart rate, lower norepinephrine requirements, and a decrease in new tach- 
yarrhythmias [54]. Gastrointestinal perfusion was also better preserved in the 
vasopressin group, this being an important observation due to concerns about 
the possibility of vasopressin causing splanchnic ischemia. The study was too 
small to adequately assess safety or clinical outcome superiority and addressed 
vasodilatory, not cardiogenic, shock. In an uncontrolled, retrospective study of 
vasopressin administration in postarrest vasoplegic shock, advanced cardiac 
failure could be reversed in more than 90% of patients who had been unrespon- 
sive to a combination including milrinone, epinephrine, and norepinephrine 
[56]. In the only study examining the effect of this agent in cardiogenic shock 
complicating acute MI, vasopressin (1-4 IU/hr) was found to increase mean 
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arterial pressure, with no adverse effects on cardiac power index, cardiac index, 
or wedge pressure [57]. However, a rise in mean arterial pressure does not nec- 
essarily lead to improved outcome and there are insufficient mortality data to 
recommend routine use of vasopressin. 

The nitric oxide story 

Patients with acute MI complicated by cardiogenic shock often have an elevated 
temperature and white blood cell count in the absence of sepsis. Furthermore, 
the mean left ventricular (LV) ejection fraction of patients in the SHOCK trial 
was 30%, while their mean systemic vascular resistance was well within the 
normal range, suggesting that factors other than pure LV dysfunction were in 
play [58]. The constellation of these observations was consistent with the contri- 
bution of a systemic inflammatory response syndrome to the genesis and per- 
sistence of cardiogenic shock. Furthermore, experimental evidence suggested 
that nonspecific inhibition of NO synthase can improve recovery of function in 
an ischemic /reperfused heart [59]. 

A nonrandomized single-center study of 11 patients with persistent cardio- 
genic shock despite percutaneous revascularization reported marked improve- 
ment in hemodynamics after administration of L-N-monomethyl arginine 
(L-NMMA), a nonselective inhibitor of NO synthase; eight of these patients 
survived to hospital discharge [60]. A follow-up, open-label, randomized pilot 
study of 30 patients suggested a dramatic reduction in 30-day mortality from 
67% to 29% in the 15 patients randomized to L-nitroarginine-methylester 
(L-NAME), another nonselective NO synthase inhibitor [61]. A multicenter 
Phase II dose-ranging study of L-NMMA in 79 patients with persistent shock 
after PCI [62] found milder and less sustained improvement in mean arterial 
pressure than that observed in the single center studies by Cotter. These small 
studies formed the basis for TRIUMPH, a large multicenter trial with a planned 
patient sample of 658 patients, adequate in terms of power to test the effect of the 
therapy on mortality [2]. The trial was terminated due to futility at the recom- 
mendation of the data safety monitoring board after 398 patients were enrolled. 
While improvement in systolic blood pressure was significantly greater in the 
L-NMMA group at 2 hours after study drug administration, there was no dif- 
ference in mortality between the study groups at 30 days or 6 months (Fig. 3.1). 
In spite of the failure of this therapy to improve outcome, a biological effect of 
NO synthase inhibition was demonstrated. Further investigation involving this 
mechanism may thus be worthwhile, whether it might involve different doses 
or duration of therapy (in SHOCK-2 and TRIUMPH total duration of study drug 
infusion was 5 hours) or more focused inhibition of inducible NO synthase. 

Diuresis 

Use of intravenous low-to medium-dose bolus of loop diuretics constitutes 
standard, guideline-supported therapy in patients with fluid overload and 
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Fig. 3.1 Kaplan-Meier curve of mortality at 6 months in the TRIUMPH randomized trial 
of L-N-monomethyl arginine (Tilarginine) in patients with persistent cardiogenic shock 
in spite of establishment of infarct-related artery patency. Reprinted with permission 
from Alexander JH, Reynolds HR, Stebbins AL, et al. JAMA 2007;297:1657-66. 



pulmonary congestion. In the setting of severe heart failure and cardiogenic 
shock, renal hypoperfusion also results in decrease in renal function. Indeed, 
acute renal failure is a frequent complication of cardiogenic shock. Management 
of 'fluid overload' in shock patients can be problematic. Loop diuretics have for 
decades been the mainstay of therapy to treat pulmonary edema and to augment 
urine output in the oliguric state. However, as with other pharmacotherapeutic 
modalities, there is a surprising paucity of data on what constitutes the opti- 
mal diuretic protocol, or for that matter, on whether in the presence of acute 
renal dysfunction loop diuretics alter outcome. A recent meta-analysis of trials 
of furosemide to treat acute renal failure of varied etiologies failed to show 
improvement in outcome [63]. Although diuretic therapy does not prevent or 
ameliorate acute renal failure, it does help to augment urine output. In this 
regard, several studies, not specifically in the cardiogenic shock setting, have 
compared continuous furosemide infusion with intermittent bolus therapy in 
critically ill patients. While no specific benefits with respect to kidney function 
have been observed, in general lower doses of furosemide are needed to main- 
tain urine output when continuous infusion is utilized than when intermittent 
boluses are given. Infusion therapy is generally begun at 5 mg/hr and may be 
titrated as high as 20 mg/hr. 
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Management of metabolic abnormalities 

Patients in cardiogenic shock often develop metabolic derangements that fur- 
ther compromise organ function and outcome. Metabolic acidosis is a common 
abnormality, particularly in those with severe and prolonged cardiogenic shock. 
It is an anion gap acidosis that can be caused by both increased production and 
decreased clearance of lactic acid. An anion gap acidosis is a predictor of higher 
mortality in patients with acute MI even in the absence of cardiogenic shock [64]. 
In cardiogenic shock, the lactate excess has been shown to result primarily from 
an increase in lactate generation, in turn likely a result of increased production 
of glucose and a shift toward anaerobic glycolysis in the shock state [65]. Thus, 
acidosis in shock patients is generally accompanied by a marked hyperglycemic 
state [66]. While the acidotic state further compromises myocardial and organ 
function in general, the evidence supporting the use of sodium bicarbonate to 
correct it is weak [67]. The general principle in any acidotic patient is to correct 
the underlying cause, which in the case of cardiogenic shock means correcting 
the low-output state, to the extent possible, by means of revascularization and 
mechanical support of cardiac output. 

Insofar as hyperglycemia is a major contributor to lactate in the shock state, 
lowering glucose toward the normal range with a carefully monitored insulin 
infusion is essential. Even in the absence of shock, hyperglycemia is associated 
with higher mortality in patients with acute MI, whether they are treated with 
pharmacologic reperfusion or percutaneous intervention. Furthermore, high 
levels of glucose exert a proinflammatory effect and increase oxidative stress. 
Insulin, on the other hand, when infused during acute MI has been shown 
to markedly reduce C-reactive protein in addition to reducing levels of plas- 
minogen activator inhibitor-1 [68]. The majority of studies testing the effect of 
modulating glucose metabolism in the acute MI setting have used the combi- 
nation of glucose-insulin-potassium (GIK). While earlier randomized studies 
specifically in diabetic patients with acute MI suggested benefit [69], more 
recent studies in diabetic as well as nondiabetic patients [70-73] failed to show 
any benefit of the GIK regimen in reducing mortality [71-74]. This may very 
well be due to the significantly higher glucose levels on study therapy in the 
group randomized to GIK. The large volume of fluid needed for the GIK pro- 
tocol is also likely deleterious, especially for patients with any degree of heart 
failure [72,73]. Therefore, the GIK regimen cannot be recommended in the man- 
agement of acute MI (Fig. 3.2). However, insulin administration to normalize 
abnormal blood glucose levels has numerous physiological benefits, includ- 
ing reduction of inflammation, reduction of infarct size [75], and improvement 
of platelet dysfunction [76]. Evidence suggests that insulin therapy decreases 
morbidity and mortality in critically ill patient populations in ICU settings, 
including those with cardiogenic shock [77]. Furthermore, in a recent observa- 
tional study, patients with ST-elevation MI who presented with a serum glucose 
>11.0 mmol/L had a significantly lower 30-day mortality if they were treated 
with an insulin regimen (Fig. 3.3) [78]. 
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Fig. 3.2 Thirty-day mortality in the CREATE -ECLA randomized trial of glucose-insulin- 
potassium in acute myocardial infarction. Reprinted with permission from Mehta SR, 
Yusuf S, Diaz R, et al. JAMA 2005;293:437-46. 
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Fig. 3.3 The relationship between insulin use and 30-day mortality in ST-elevation MI 
patients without known diabetes and a presenting blood glucose >11.0 mmol/L in the 
National Audit of Myocardial Infarction Project conducted in 201 hospitals in England 
and Wales. 
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Although specific data on optimal glucose targets in cardiogenic shock are 
not available, in a randomized trial in the surgical intensive care population 
on ventilatory support, lowering blood glucose with insulin infusion to the 
80-110 mg/ dL range lowered in-hospital mortality by 34% [79]. Although there 
were 39 instances of hypoglycemia among the 765 patients assigned to inten- 
sive insulin therapy, only 2 were symptomatic, and none were associated with 
serious sequelae. A follow-up study in patients in a medical ICU setting, how- 
ever, failed to reproduce the beneficial effect of the intensive regimen [80]. 
Lowering blood glucose levels to 100-139 mg/dL with insulin infusion as in 
the Yale Protocol [81] may be more practical. Indeed, a recent trial of insulin in 
severe septic shock patients demonstrated that targeting to a mean blood glu- 
cose level of 112 mg/ dL offers no clinical benefit over a strategy of targeting to 
a mean level of 151 mg/ dL [82]. Thus, while randomized trials are still needed 
in the cardiogenic shock setting, the weight of evidence in heterogeneous criti- 
cally ill populations points to a need for modest normalization of elevated blood 
glucose, carefully monitored insulin therapy, and potassium replacement when 
needed due to the known shifts that will occur. 

Arrhythmia management 

Life-threatening ventricular tachyarrhythmias are a relatively common occur- 
rence in patients in cardiogenic shock. Ventricular fibrillation or pulseless ven- 
tricular tachycardia should be treated with an unsynchronized electric shock of 
200 J, to be followed immediately by a second shock of 200-300 J and subsequent 
shocks of 360 J in case the first ones are unsuccessful. An amiodarone bolus of 
300 mg or 5 mg/kg should be administered intravenously if the arrhythmia 
does not respond or recurs [4]. A repeat shock should then be administered. Any 
acid-base and electrolyte abnormalities that might contribute to the arrhythmia 
should be promptly corrected. Specifically, serum potassium should be cor- 
rected to >4.0 mmol/L and magnesium to >2.0 mmol/L. Ischemia should be 
corrected with appropriate reperfusion and intra-aortic balloon counterpulsa- 
tion therapy. Prophylactic antiarrhythmic therapy is not recommended. 

Ventricular tachycardia causing hemodynamic instability (but not collapse) 
should be treated with a synchronized shock of 100 J followed by shocks at 
higher energy levels, following appropriate anesthesia or sedation with agents 
and doses that are associated with a lower risk of further reducing the blood 
pressure. 

An amiodarone infusion beginning with 360 mg over 6 hours followed by 540 
mg over the next 18 hours can be utilized following successful cardioversion. 
Further 150-mg boluses of amiodarone can be administered intravenously in 
case of recurrent ventricular tachycardia (or fibrillation) up to a total dose of 2.2 g 
in 24 hours. Lidocaine can also be utilized at doses of 75-100 mg IV per dose. 

Atrial fibrillation resulting in further hemodynamic deterioration should be 
treated with synchronized direct current (DC) cardioversion at 200 J, again 
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under appropriate anesthesia or conscious sedation. In case of recurrent or 
unresponsive atrial fibrillation, amiodarone therapy should be initiated as pre- 
viously described. /3-blockers and calcium channel blockers should be avoided 
due to their negative inotropic effects. Digoxin, which also has inotropic prop- 
erties, may be used for rate control. 

Symptomatic bradycardia that occurs in patients who are already receiv- 
ing agents that are /Sj-adrenergic agonists and who have not responded to a 
bolus dose of atropine 1-3 mg should be promptly treated with temporary 
transvenous pacing or, if this is not immediately available, transthoracic pac- 
ing. Atrioventricular synchrony may be important to maintain cardiac output, 
especially in patients with right ventricular infarction and shock. The effects of 
transvenous ventricular pacing are therefore difficult to predict. 

Sedation 

Propofol, often utilized as the drug of choice in this setting, can profoundly 
exacerbate hypotension, in addition to having a delayed onset of action in the 
hypotensive patient with a low cardiac output. The sedative combination of fen- 
tanyl and a benzodiazepine such as midazolam is thus a more desirable combi- 
nation for the patient with shock. The combination of ketamine and midazolam 
is an alternative combination utilized by anesthesiologists in this situation. Eto- 
midate is no longer used for long term sedation since this causes long term 
adrenal suppression and increased mortality [83]. A single dose of etomidate 
has been reported to cause adrenal suppression for at least 24 hours in 50% of 
patients who received this drug for induction of anesthesia, but this usually 
resolves by 48 hours [84]. Therefore, the fact that etomidate is better tolerated 
during endotracheal intubation than propofol in terms of hemodynamics in 
patients with cardiogenic shock should be critically weighed against potential 
risks and alternative agents, such as midazolam. In a recently published ran- 
domized trial of dexmedetomidine vs. midazolam in a medical/ surgical ICU 
population, the group randomized to dexmedetomidine had less delirium and 
shorter time to extubation than the group randomized to midazolam. However, 
dexmedetomidine-assigned patients were more than twice as likely to develop 
bradycardia. These effects could be even more pronounced in cardiogenic shock, 
thus, until the drug has been studied and shown to be safe in this setting, its 
use is not recommended [85]. 

Reperfusion therapy 

Fibrinolytic therapy is far less effective in achieving reperfusion in patients in 
cardiogenic shock than in normotensive ST-elevation MI patients [86] . Nonethe- 
less, especially in the case of patients who present in cardiogenic shock, timely 
mechanical reperfusion therapy is unavailable to most. Thus, if a door-to- 
balloon time of more than 90 minutes is anticipated [58], the patient in shock 
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should be treated with a fibrinolytic agent, particularly when the onset of symp- 
toms was within the past 3 hours. All candidates for invasive care should be 
transferred emergently for cardiac catheterization; a fibrinolytic agent should 
be administered to those with ST-elevation MI and no mechanical complication 
who cannot undergo invasive care. IABP with fibrinolytic therapy may further 
improve outcomes (see Chapter 4). 

Anticoagulant and antiplatelet therapy 

Unfractionated heparin rather than low-molecular-weight heparin as an adjunct 
to fibrinolytic therapy will facilitate subsequent invasive diagnosis and therapy. 
As patients may turn out to be candidates for emergent surgical revasculariza- 
tion, clopidogrel is not recommended prior to coronary angiography unless sur- 
gical revascularization is not an option. Once the need for surgery has been ruled 
out, clopidogrel 600 mg should be administered either orally or by nasogastric 
tube in the event that the patient is intubated. Glycoprotein Ilb/IIIa inhibitor 
therapy increases the bleeding risk immediately after full-dose fibrinolytic ther- 
apy. If timely angiography and primary revascularization is anticipated, a glyco- 
protein lib /Ilia inhibitor infusion should be initiated after an appropriate bolus 
either in the referring hospital or tertiary center. In the community hospital this 
is most likely to be one of the two small-molecule, short-acting agents, either 
eptifibatide or tirofiban. The ACC/AHA guidelines recommend that if based 
on the result of the coronary angiography, coronary artery bypass surgery is the 
revascularization strategy of choice, glycoprotein Ilb/IIIa inhibition should be 
discontinued 4 hours prior to the surgical procedure, although in an emergent 
setting, the benefit-to-risk ratio is favorable for emergency surgery. 

The direct antithrombin bivalirudin has not been studied in cardiogenic 
shock, but is indicated in patients with heparin-induced thrombocytopenia. 
In the absence of the latter, we preferentially recommend the use of heparin 
over bivalirudin until data are available on the safety of bivalirudin in the 
presence of intra-aortic balloon pump (IABP) support, an element of therapy in 
the majority of patients in cardiogenic shock. 

Initiation of secondary preventive agents 

In general, the introduction of preventive pharmacotherapies is left to the con- 
valescent phase in survivors of cardiogenic shock. A short-acting angiotensin- 
converting enzyme (ACE) inhibitor should be initiated at a very low dose agent 
when shock has resolved. For patients with residual severe LV dysfunction, tol- 
erability of the first few ACE inhibitor doses (captopril 6.25 mg) can be improved 
by concurrent administration with inotropic or IABP support as it is being down- 
titrated before cessation. /S-blockers should be initiated just prior to discharge 
with the very slow titration protocol used for chronic heart failure patients (ACC 
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AHA HF). Carvedilol is the preferred agent based on its vasodilatory proper- 
ties. Aldosterone inhibitors should be utilized in those with an ejection fraction 
<40%. Lipid-lowering therapy can be initiated at an earlier phase, at full doses 
known to improve outcome in patients with acute coronary syndromes. 

Summary for clinical practice 

In patients with a low-output syndrome but without hypotension, inotropic 
therapy should start with the administration of dobutamine in a dosage of 
2-5 (xg/kg/ min. Vasopressor therapy should be added, as needed if hypoten- 
sion subsequently develops. In those with cardiogenic shock, dopamine begin- 
ning at doses from 5 to 10 |j.g/kg/min or norepinephrine beginning at doses 
from 0.01-0.05 jig/kg/ min (maximum dose 3 ug/kg/ min) should be initiated, 
recognizing that there are inadequate data to support the preferential use of 
either agent. If dopamine is ineffective, norepinephrine should be substituted. 
Preliminary data suggest that vasopressin may be useful in patients with pro- 
longed shock who may have lost their catecholamine responsivity [87] . Addition 
of dobutamine to a vasopressor can further increase cardiac output; however, in 
the severely hypotensive patient, its G effect may result in a fall in blood pressure. 
It is useful to monitor the effects of the pharmacologic therapy by measuring 
cardiac output and mixed venous oxygen saturation invasively but titration of 
inotropes and vasopressors should be determined by indices of organ perfu- 
sion (e.g. urine output) while maintaining adequate oxygenation. Levosimen- 
dan and PDEI are not first-line inotropic agents in cardiogenic shock as their 
vasodilating properties (particularly bolus loading doses) result in hypoten- 
sion and they require repeated monitoring of cardiac output, vascular resis- 
tance, and preload. As important as the use of inotrope and vasopressor ther- 
apy is for initial stabilization, correction of metabolic abnormalities, especially 
hyperglycemia, is essential as is treatment of the underlying condition, i.e. coro- 
nary revascularization or repair of a mechanical complication. 

Mechanical ventilation in cardiogenic shock 
Effects of mechanical ventilation 

The major objectives of mechanical ventilation in the setting of acute heart 
failure and cardiogenic shock are to provide adequate oxygenation (oxygen sat- 
uration of 95-98% in order to ensure adequate tissue oxygenation [5]), to recruit 
atelectatic lung regions, thereby decreasing shunting and improving lung com- 
pliance, to reduce the work of respiratory muscles, and finally to reduce preload 
and afterload. The ESC/ESICM guidelines for management of acute heart fail- 
ure emphasize the importance of maintaining adequate oxygen saturation to 
maximize tissue oxygenation and prevent end-organ dysfunction and multiple 
organ failure [5]. The task force on acute heart failure of the ESC, however, 
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also emphasized in its guidelines that "despite this intuitive approach to giving 
oxygen, there is little evidence available to suggest that giving increasing doses 
of oxygen results in an improved outcome. In fact, studies have demonstrated 
thathyperoxia can be associated with reduced coronary blood flow, reduced car- 
diac output, increased blood pressure, increased systemic vascular resistance, 
and a trend to higher mortality" [5,88]. Therefore, while the administration 
of increased concentrations of oxygen to hypoxemic patients is without ques- 
tion, it is unclear whether oxygen should be given to patients without evidence 
of hypoxemia. The minimum FiC>2 that results in adequate oxygen saturation 
(ideally 95-98% [5]) should be used when instituting mechanical ventilation in 
patients with cardiogenic shock. 

Mechanical ventilation also leads to a reduction in respiratory muscle work 
and thus a reduction of oxygen consumption. Animal data suggest that 25% 
of the oxygen consumed in cardiogenic shock is utilized by the respiratory 
muscles. Accordingly, it has been shown that mechanical ventilation reduces 
arterial lactate levels [89]. 

A reduction of preload and afterload by implementation of positive end- 
expiratory pressure (PEEP) and positive intrathoracic pressure might improve 
gas exchange but has variable effects on hemodynamics. The effects of mechan- 
ical ventilation depend on the volume state of the patient. In hypovolemic 
patients, and in patients with right ventricular infarction, mechanical ventila- 
tion may decrease cardiac output with compensatory mechanisms like tachy- 
cardia and enhanced oxygen consumption due to the reduction in preload. 
Furthermore, by increasing intrathoracic pressure, the afterload for the right 
ventricle may increase, causing dilation of the right ventricle and a septal shift 
to the left, compromising LV inflow and LV mechanics. However, due to the 
decrease in afterload for the left ventricle, cardiac output may increase and 
thus mechanical ventilation may improve the function of a failing heart. The 
individual effects of mechanical ventilation on hemodynamics in an individual 
patient can, therefore, be difficult to predict. 

Indications for mechanical ventilation in acute heart failure 

There is no universally accepted indication for mechanical ventilation for crit- 
ically ill patients in general. Similarly, the decision to mechanically ventilate a 
patient in cardiogenic shock is individualized based on clinical assessment and 
on the chosen therapeutic plan. Pathophysiological indications for mechanical 
ventilation include hypoxemic as well as hypercapnic respiratory failure. If there 
are no other pulmonary (e.g. chronic obstructive pulmonary disease [COPD]) 
or cerebral diseases (e.g. stroke or hypoxic injury), hypercapnic respiratory 
failure is a late event in cardiogenic shock, usually resulting from progressive 
respiratory muscle weakness, caused by a combination of hypoxemia due to 
pulmonary edema and low cardiac output. 

Guidelines recommend instituting invasive mechanical ventilation (with 
endotracheal intubation) in the case of acute heart failure-induced respiratory 
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muscle fatigue [5] with hypercapnia, a confused state of mind and/or a 
decreased respiratory rate. They suggest that trials of oxygen therapy or non- 
invasive ventilation like continuous positive airway pressure (CPAP) or non- 
invasive positive pressure ventilation (NIPPV) to reverse hypoxemia. A trial 
of non-invasive ventilation can also be beneficial in hypercapnic respiratory 
failure. However, once patients exhibit a decreased respiratory rate (indicating 
progressive C0 2 narcosis), invasive mechanical ventilation should be instituted 
without delay preferably via the orotracheal route. In unconscious patients, 
invasive mechanical ventilation should be instituted in order to prevent aspi- 
ration following gastric regurgitation. Another consideration is the need for 
immediate coronary intervention in a patient with pulmonary edema secondary 
to ST-elevation MI. Invasive mechanical ventilation in this setting assures ade- 
quate oxygenation, reduction in oxygen consumption, and stress relief for the 
patient via concomitantly instituted sedation and analgesia and, therefore, facil- 
itates coronary intervention. 

However, because the use of CPAP and NIPPV via face mask or helmet in 
acute cardiogenic pulmonary edema is associated with a significant reduction 
in the need for endotracheal intubation and invasive mechanical ventilation, the 
patient's clinical condition should be assessed early on for suitability for non- 
invasive mechanical ventilation (see Fig. 3.4). Several trials have examined the 
use of CPAP and NIPPV by face mask in patients with cardiogenic pulmonary 
edema, but none assessed the effects in patients with cardiogenic shock. CPAP 
[90] and NIPPV [91-94] improve oxygenation, decrease symptoms and signs 
of acute heart failure, decrease the need for endotracheal intubation, and may 
improve survival. Indeed, a meta-analysis suggested that the use of either CPAP 
or NIPPV resulted in a mortality reduction of about 50% (from 20 to 11%) [95] 
(Fig. 3.5). However, the 3CPO study compared therapy by oxygen mask to CPAP 
and NIPPV in a 1:1:1 randomization pattern in 1156 patients with cardiogenic 
pulmonary edema and demonstrated that non-invasive ventilation resulted in 
more rapid resolution of metabolic abnormalities and respiratory distress but 
did not improve survival at 7 or 30 days (oxygen mask 9.8% 7-day and 16.7% 
30-day mortality vs. 9.5% and 15.4% in the non-invasively ventilated group, 
p = not significant) [96]. This study also showed that NIPPV was not superior 
to CPAP when comparing the two modes of non-invasive ventilation directly 
in terms of mortality or intubation rate. Another meta-analysis suggested that 
the reduction in mortality is almost completely due to the beneficial effects 
observed in patients with COPD and not in patients with hypoxemic respiratory 
failure [97]. In addition, this study found that patients who were successfully 
managed with non-invasive ventilation had a mortality rate of 17%, compared 
to a mortality rate of 48% in patients who required intubation after failure of non- 
invasive ventilation. This high mortality rate in patients needing invasive ven- 
tilation after failure of non-invasive ventilation, which was higher than that of 
patients with intubation early on, reminds us that a delay in instituting invasive 
mechanical ventilation potentially carries a significant risk of death. Patients 
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Fig. 3.4 An algorithm for ventilation in cardiogenic shock. CPAP, continuous positive 
airway pressure; NIPPV, non-invasive positive pressure ventilation (augmented 
spontaneous ventilation, e.g. by face mask). 



who are non-invasively ventilated therefore require close observation and repet- 
itive blood gas analysis within the first hour in order to rapidly detect failure of 
non-invasive ventilation and thus institute adequate ventilatory support. 
Patients with cardiogenic shock in need of early coronary angiography and 
revascularization should probably be intubated early on, as a trial of non- 
invasive ventilation might further delay revascularization. 

Complications of invasive mechanical ventilation 

Complications of invasive mechanical ventilation via endotracheal intubation 
include traumatic injury to the upper airway, to the lung itself (barotrauma 
due to excessive airway pressure), an increased risk of nosocomial, ventilator- 
associated pneumonia, especially with prolonged mechanical ventilation, and 
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Fig. 3.5 A meta-analysis of randomized trials of the effect of non-invasive ventilation on 
death in patients with acute cardiogenic pulmonary edema. (Reprinted with permission 
from Masip J, Roque M, Sanchez B, et al. JAMA 2005;294:3124-30.) 



hemodynamic depression, especially with the use of high levels of PEEP. 
As noted previously mechanical ventilation in hypovolemic patients or in 
preload-dependent situations, e.g. in patients with right ventricular infarction, 
might cause a reduction in preload and therefore a reduced cardiac output such 
that fluid administration and perhaps inotropic and vasopressor therapy may 
need to be temporarily increased. 

Mechanical ventilation in cardiogenic shock (see also algorithm presented 
in Fig. 3.4) 

To date there are no large prospective randomized studies to guide us with 
respect to optimal timing of mechanical ventilation in patients with cardiogenic 
shock. Animal data suggest that artificial ventilation substantially decreases 
the severity of lactic acidosis and prolongs survival [89]. The mortality rate 
of patients with acute MI requiring invasive mechanical ventilation is high 
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whether or not they present in cardiogenic shock [98]. It is higher in patients 
with a Pa0 2 /Fi0 2 <200 on admission and related to an APACHE II score above 
29, acute renal failure and a low initial LV ejection fraction. However, in 1999 
a small study reported that patients with MI and cardiogenic shock refractory 
to pharmacotherapy (dobutamine and dopamine) and requiring IABP are more 
likely to survive when also treated with mechanical ventilation with PEEP 
(10 cm H 2 0) [99]. The study was too small to elucidate potential mechanisms 
behind this observed survival benefit, and the large survival benefit could not 
be reproduced in observational studies [100]. However, in light of the above- 
elucidated mechanisms, it appears that mechanical ventilation in cardiogenic 
shock may have a number of advantages and that timely institution may save 
lives. Special attention is directed to the patient with cardiogenic shock and 
respiratory failure in need of coronary revascularization. 

In all other patients with cardiogenic shock (e.g. those who are not can- 
didates for immediate coronary intervention), respiratory failure should be 
managed similar to acute heart failure. Accordingly, invasive mechanical ven- 
tilation should be instituted in situations where non-invasive ventilation does 
not reverse hypoxemia, relieve respiratory distress (decrease work of breath- 
ing), provide adequate ventilation, and prevent respiratory muscle fatigue. This 
implies that non-invasive ventilatory support should be considered before pro- 
ceeding to endotracheal intubation in all cardiogenic shock patients who are 
not candidates for coronary angiography/ revascularization. The indication to 
mechanically ventilate patients with cardiogenic shock and pure low-output 
state and severe lactic acidosis, without pulmonary congestion, is also a con- 
troversial issue. In fact, the reduction in respiratory muscle work and there- 
fore in respiratory muscle oxygen consumption might be beneficial in patients 
with severe lactic acidosis because of tissue hypoperfusion, redirecting oxy- 
gen from the respiratory muscles to other tissues. However, these patients 
with pure forward failure are most at risk for developing negative effects of 
mechanical ventilation — relative "hypovolemia" in previously hypervolemic 
patients, following administration of sedative and analgesic drugs and preload 
reduction. This can be partially circumvented by increasing volume adminis- 
tration immediately prior to intubation. 

Choice of ventilation modality 

Unlike the situation in septic shock, no studies have compared different venti- 
lator regimens in cardiogenic shock. Regarding non-invasive ventilation, the 
3CPO study found no difference in mortality and intubation rate between 
patients who were treated via non-invasive ventilation either by CPAP or by 
NIPPV. Therefore in patients with cardiogenic pulmonary edema, NIPPV and 
CPAP seem to be equivalent. In general, however, if patients are hypercapnic 
and hypoxemic, NIPPV rather than CPAP should be used, as NIPPV might 
unload the respiratory muscles and support ventilation and C0 2 elimination 
more than CPAP might do. 
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If invasive mechanical ventilation is necessary, patients should probably be 
treated in a manner that is analogous to the situation in septic shock. High 
plateau pressures should be avoided in order to minimize the risk of baro- 
trauma, and ventilation should be started with tidal volumes of 6 mL/kg 
ideal body weight and then titrated according to clinical needs, provided that 
plateau / peak pressures can be kept below 30 mbar. PEEP should be instituted to 
optimize alveolar recruitment; however, high levels of PEEP should be avoided 
to minimize the risk of further deterioration of cardiovascular function. 

Mechanical ventilation using tidal volumes of no more than 6 mL/kg pre- 
dicted body weight has been shown to reduce plasma levels of systemic 
inflammation and reduce mortality when compared to a tidal volume of 
12 mL/kg predicted body weight in patients with acute respiratory distress syn- 
drome (ARDS) [101]. Because an international study in a mixed population of 
ICU patients with mechanical ventilation, including pulmonary edema, COPD 
exacerbation, congestive heart failure, and other etiologies, established a rela- 
tionship between high tidal volume and high plateau pressures and mortality 
[102], it appears prudent to institute this "protective ventilation strategy" even 
in patients without ARDS, until specific trials are available. Thus, patients with 
cardiogenic shock should also be ventilated using the principles of "protective 
ventilation" as soon as possible after the initial stabilization period following 
endotracheal intubation. 

Reduction in tidal volume, by decreasing intrathoracic pressures, may also 
cause an increase in cardiac output via an increase of venous return and a 
reduction in right ventricular afterload. However, any detrimental effects of 
hypercapnia on cardiac output and organ function should be avoided as patients 
ventilated with low tidal volumes were found to have an increased need 
for hemodialysis [103]. Therefore it is suggested to keep the pH in a normal 
range, especially in the initial phases of shock in as much as acidosis results in 
diminished adrenergic responsivity. If in later phases of shock the principles of 
"permissive hypercapnia" are to be applied in order to prevent high plateau 
pressures then the pH should be maintained above 7.15-7.20 such as in the 
case of acute respiratory distress syndrome complicating critical illness [104]. 
Whether this threshold is similarly valid in patients with cardiogenic shock has, 
however, never been investigated. Reduction in tidal volume can cause dere- 
cruitment of alveoles and atelectasis necessitating an increase in PEEP and FiC>2 
to assure adequate oxygenation. Consequently it may be necessary to increase 
fluid administration and vasopressor /inotropic therapy to counteract the neg- 
ative effects on cardiac output of higher PEEP levels. Obviously, this is likely to 
be better tolerated by patients with normal cardiac function than by patients in 
cardiogenic shock. In this context, a strategy of high PEEP /low FiC>2 (average 
PEEP level 13.2 ± 3.5 cm H 2 0) to improve oxygenation in patients with a tidal 
volume of not more than 6 mL/kg was not more beneficial than a strategy of 
lower PEEP (average PEEP level 8.3 ± 3.2 cm H 2 0) and higher Fi0 2 in terms 
of mortality [105]. Given the potential negative effects of high PEEP levels on 
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cardiovascular function, cardiogenic shock patients should not be ventilated 
with high levels of PEEP unless severe oxygenation failure necessitates max- 
imum levels of FiC>2 and PEEP. Thus, hemodynamic as well as respiratory 
variables must be considered when reducing the tidal volume in an individual 
patient with cardiogenic shock. 

Controlled ventilation or spontaneous breathing? 

Whenever possible, spontaneous ventilation should be supported by the respir- 
ator and spontaneous modes of ventilation are preferable to controlled modes 
of ventilation. Patients must be ventilated using a controlled mode of ventil- 
ation immediately after intubation, given the effects of sedatives, analgesics, 
and neuromuscular blocking agents used during intubation. In this situation 
the ventilator should be initially set to a PEEP of >5, a tidal volume of 6mL/kg 
(provided that peak airway pressures are kept below 30 cm H 2 0 and that respi- 
ratory acidosis does not occur), an Fi02 of 100% with a respiratory rate of 12-15 
per minute in order to provide adequate oxygenation and CO2 elimination. 
Thereafter the settings should be adapted to individual needs according to the 
principles elucidated above. 

Spontaneous forms of mechanical ventilation should be applied as soon as 
hemodynamic stability allows progressive reduction of sedating agents and 
awakening of the patient. Given that patient-respirator asynchrony and agita- 
tion of the patient may occur upon down-titration of sedation and have detri- 
mental consequences in patients with cardiogenic shock, the positive effects 
of spontaneous modes of ventilation (redistribution of tidal volume, reduc- 
tion of atelectatic regions in the dependent parts of the lungs) must be bal- 
anced against the negative effects. Nevertheless, mechanical ventilation should 
be discontinued as soon as possible to avoid negative effects (e.g. ventila- 
tor/endotracheal tube-associated pneumonia); weaning from mechanical ven- 
tilation and adaptation of sedation and analgesia to individual needs should 
begin within the first 24 hours given hemodynamic, respiratory, and metabolic 
stability. 

Weaning from mechanical ventilation 

There are no specific studies analyzing weaning from mechanical ventilation 
in patients with cardiogenic shock or patients with acute MI. Nevertheless, as 
in septic shock, it is prudent to wean from mechanical ventilation following an 
institutionalized weaning protocol; sedation of the patient should be monitored 
using a sedation scale (e.g. Sedation Agitation Scale (SAS) [106], Richmond 
Agitation Sedation scale (RASS) [107]) to avoid administration of excessive 
sedative drugs. In general the lowest amount of sedative drugs to obtain the 
desired sedation depth should be used. Furthermore, all patients should be 
evaluated daily for their readiness to wean. Patients can be considered to be 
ready for wean if they fulfill the following criteria: (1) clear evidence of reversal 
or stability of the cause of acute ventilatory failure; (2) adequate gas exchange 
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indicated by a Pa0 2 /Fi0 2 ratio above 150-200 at a PEEP of 5-8 cm H 2 0; (3) 
pH above 7.25; (4) cardiovascular stability (no active myocardial ischemia or 
hypotension necessitating vasopressor drug therapy); and (5) ability to make 
an inspiratory effort [108]. 

The mental status of the patient must be adequate to allow for a full inspir- 
atory effort on command. The required cardiovascular stability suggests that 
the patient should be weaned from the IABP before weaning from the ventil- 
ator. However, there are conflicting views and no trials on this subject. It has 
been argued that the IABP in place might help wean the patient off the ventil- 
ator. We recommend that, in general, patients be weaned from the IABP before 
the ventilator in light of the need for intensive physiotherapy after extubation 
to avoid alveolar atelectasis and promote removal of endotracheal secretion, 
which is hindered by an IABP in place. Continued inotropic therapy may facil- 
itate successful weaning from the respirator in those with persistent severe LV 
dysfunction. 

Once a patient is considered ready to wean, we recommend a spontaneous 
breathing trial as the above criteria alone do not predict successful weaning 
from the ventilator. This spontaneous breathing trial can be performed using a 
T-tube with CPAP or a T-tube with low levels of pressure support (5-8 cm H 2 0) 
for 30 minutes. During this trial, the clinical condition of the patient (tachy- 
cardia, tachypnea >35/min, hypotension, hypertension, diaphoresis, signs of 
distress, hypoxemia Sa0 2 <90%) and the shallow breathing index (the ratio 
between tidal volume and respiratory rate) should be closely monitored. If 
abnormalities in any of these parameters are observed (the shallow breathing 
index should be below 105 L/min), the patient is considered to have failed the 
spontaneous breathing trial. In this case, mechanical ventilatory support that 
allows nonfatiguing breathing should be reinstituted and readiness to wean 
and a spontaneous breathing trial should be reassessed daily. 

If a spontaneous breathing trial is unsuccessful, correction of reversible causes 
of failure should be attempted. This includes fluid restriction, administration of 
bronchodilatators if the patient exhibits signs of bronchospasm or has known 
obstructive pulmonary disease, physiotherapy /mobilization in order to prevent 
recurrent atelectasis, and optimization of nutritional status. 

Successful completion of the spontaneous breathing trial is highly predic- 
tive of successful extubation. However, the reintubation rate varies with the 
underlying disease and has been reported to occur in 2-25% of patients despite 
a successful spontaneous breathing trial [109-112]. The success of extubation 
does not increase with a longer duration of spontaneous breathing trial [113] and 
does not depend on whether pressure support or CPAP only is applied when 
performing the trial [112]. The mortality of patients requiring reintubation is 
higher than that of patients with successful extubation and increases with the 
delay between extubation and reintubation [114]. At times it may be necessary 
to institute non-invasive ventilation by face mask immediately after extubation 
in order to prevent respiratory failure ("NIPPV as a method to wean"). 
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Summary for Clinical practice (see also algorithm in Fig. 3.4) 

In a patient with cardiogenic shock the most common indications for mechanical 
ventilation are respiratory failure and securing the airway to prevent aspiration 
in those who are unconscious. Low cardiac output with severe lactic acidosis 
may also warrant mechanical ventilation. In patients with hypoxemic respira- 
tory failure, a trial of non-invasive mechanical ventilation is warranted as this 
might prevent the need for invasive mechanical ventilation with its associated 
complications. CPAP and NIPPV seem to be equivalent in this setting. However, 
if patients are hypercapnic as well as hypoxemic, NIPPV should probably be 
utilized. Close observation is required to immediately detect signs of respiratory 
fatigue in patients on a non-invasive ventilation trial. If non-invasive ventila- 
tion does not reverse hypoxemia, relieve respiratory distress (decrease work 
of breathing), provide adequate ventilation, and prevent respiratory muscle 
fatigue, the patient should be intubated and ventilated invasively. In patients 
with respiratory failure who are candidates for immediate revascularization, 
invasive mechanical ventilation should be instituted to avoid further delay of 
revascularization and facilitate the intervention. 

In case of invasive mechanical ventilation, ventilation should start with a 
PEEP of 5 or above, a tidal volume of 6 mL/kg body weight, an Fi0 2 of 100% 
with a respiratory rate of 12-15 per minute in order to guarantee adequate 
oxygenation, provided that peak airway pressures are kept below 30 cm H 2 0 
and C0 2 can be adequately eliminated to avoid the negative consequences of 
high airway pressures on one side and respiratory acidosis on the other side on 
hemodynamics. Thereafter the settings should be adapted to individual needs. 
The principles of a protective ventilation strategy should be applied (tidal 
volume of not more than 6 mL/kg body weight) whenever possible, taking 
care to avoid negative effects of hypercapnia and acidosis on hemodynamics. 
High levels of PEEP should also be avoided to avoid negative effects on hemo- 
dynamics unless it is required for progressive hypoxemic failure. Spontaneous 
ventilation should be allowed as soon as hemodynamic and respiratory stability 
are achieved. The readiness to be weaned from the ventilator should be assessed 
daily and follow institutionalized weaning protocols. A spontaneous breathing 
trial for 30 min should precede extubation, as successfully passing this test will 
improve the likelihood of a successful extubation. Failure to pass such a test 
should lead to reinstitution of mechanical ventilation and reassessment the 
next day. 
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Introduction 

Cardiogenic shock is a clinical state characterized by tissue hypoperfusion 
resulting from cardiac dysfunction. It is most commonly caused by left ven- 
tricular (LV) failure consequent to acute myocardial ischemia or infarction. 
Cardiogenic shock can also be due to fulminant myocarditis, severe valvular 
heart disease, sustained bradyarrhythmias, decompensated chronic heart fail- 
ure, mechanical complications of myocardial infarction, pericardial tamponade, 
hypertrophic cardiomyopathy, and the apical ballooning syndrome. 

Shock resulting from acute ischemia or infarction develops in 5-9% of patients 
hospitalized with ST-segment elevation myocardial infarction (STEMI) [1-3]. It 
is also seen in patients with non-ST-segment elevation myocardial infarction 
(NSTEMI) or unstable angina with a frequency that is approximately half that 
seen with STEMI [4-6]. While previous publications indicate that the incidence 
of shock complicating acute myocardial infarction (MI) had not changed signif- 
icantly over the course of the past few decades [7,8], more recent data suggest 
a decline in its incidence that may be attributable to improvements in the early 
mechanical and pharmacologic management of patients with acute coronary 
syndromes [9]. Whether due to LV pump failure or other mechanisms, cardio- 
genic shock remains one of the most serious consequences of acute myocardial 
ischemia or infarction with extraordinary inhospital mortality. 

Although cardiogenic shock in the setting of myocardial infarction can be 
a manifestation of a mechanical complication [acute severe mitral regurgita- 
tion (MR), ventricular septal rupture, or ventricular free wall rupture with 
cardiac tamponade], right ventricular (RV) dysfunction, or sustained brady- or 
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tachyarrhythmias, it is most commonly the result of extensive LV dysfunction 
(pump failure). In the multicenter SHOCK (SHould we emergently revascular- 
ize Occluded Coronary arteries for Cardiogenic shocK) registry LV dysfunction 
was the predominant cause of shock in 78.5% of cases [10]. The focus of this 
chapter is largely on this common subgroup. 

Pathophysiology 

The primary event in cardiogenic shock due to pump failure is an abrupt decline 
in LV systolic function resulting in reduced cardiac output with consequent 
critical reduction in regional tissue perfusion. Autopsy studies have shown 
that cardiogenic shock in the setting of myocardial infarction is usually asso- 
ciated with necrosis totaling more than 40% of the LV myocardium [10,11]- It 
is therefore more common with anterior myocardial infarctions, which tend to 
involve a larger mass of myocardium, than with inferior, posterior, or lateral 
wall infarctions. Cardiogenic shock due to LV failure resulting in part from 
stunned myocardium is also recognized. 

According to the traditional conceptual model of this condition, a reduc- 
tion in tissue perfusion leads to the activation of the sympathetic system 
through baroreceptors and the renin-angiotensin-aldosterone axis through 
renal hypoperfusion. These compensatory mechanisms serve to restore blood 
pressure through increased heart rate, increased contractility of noninfarcted 
myocardium, systemic vasoconstriction, and sodium-water retention. How- 
ever, these acute responses also increase myocardial oxygen consumption, 
shorten the diastolic coronary perfusion period, and increase LV afterload. 
Especially in the presence of multivessel coronary artery disease, these adaptive 
responses may initiate a vicious cycle that results in further deterioration of LV 
systolic and diastolic function. In patients with LV failure, infarct expansion 
leads to early compensation with acute LV dilation, which in turn helps in the 
maintenance of stroke volume. However, this leads to an increase in wall stress, 
resulting in an increase in myocardial oxygen demand. 

In nearly half of all patients with cardiogenic shock, LV size is small or normal 
[12]. In these cases, the transiently adaptive mechanism of acute dilation has 
failed. Since multiple pathophysiologic mechanisms are involved, the extent 
of LV dysfunction is not the sole determinant of the development of this syn- 
drome. Indeed, many patients present with severe LV dysfunction in the setting 
of acute MI without the manifestations of cardiogenic shock. LV systolic func- 
tion may be only moderately depressed in patients who develop cardiogenic 
shock; the mean ejection fraction (EF) in the SHOCK trial was 30%. The distri- 
bution of LVEF in patients with cardiogenic shock overlaps with that of post-MI 
patients with or without heart failure [13] (Fig. 4.1). LV systolic function has 
been observed to be similar in the acute phase of cardiogenic shock and 2 weeks 
later, by which time the overall clinical scenario is different [14]. A subgroup of 
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Fig. 4.1 Range of ejection fractions seen in studies of heart failure and in the SHOCK 
trial [15]. This figure compares the range of left ventricular ejection fraction (mean ± SD) 
in the SHOCK trial with such ranges in studies of recent myocardial infarction (above 
SHOCK) and studies of heart failure (below SHOCK). Note that the range of LVEF in the 
SHOCK trial overlaps with these trials, although LVEF in SHOCK was obtained on 
support measures. REMATCH (Randomized Evaluation of Mechanical Assistance for 
the Treatment of Congestive Heart failure) studied LVAD use as destination therapy. 
*Note Measured on support. EPHESUS, Eplerenone Post-acute myocardial infarction 
Heart failure Efficacy and Survival Study; CAPRICORN, CArvedilol Post infaRct 
Survival COntRol in LV dysfunctioN; VALIANT, VALsartan In Acute myocardial 
iNfarcTion; DINAMIT, Defibrillator IN Acute Myocardial InfarcTion; MADIT II, 
Multicenter Automatic Defibrillator Implantation Trial II; RALES, Randomized 
ALdactone Evaluation Study; ELITE II, Evaluation of Losartan In The Elderly II; 
COPERNICUS, CarvedilOl ProspEctive RaNdomlzed Cumulative Survival study; 
COMET, Carvedilol Or Metoprolol European Trial; and CHARM, Candesartan in Heart 
failure: Assessment of moRtality and Morbidity. (Reprinted with permission from 
Reynolds HR, Hochman JS. Circulation 2008;117(5):686-97.) 



patients present with cardiogenic shock in the setting of preserved LVEF in the 
absence of severe mitral regurgitation (MR) [16]. Although these observations 
suggest that the extent of LV dysfunction as measured by the LVEF correlates 
imperfectly with the clinical manifestations of low cardiac output and hypoten- 
sion, EF retains significant prognostic impact [12]. 

Wide interpatient variability is observed not only in LVEF and size, but also 
in systemic vascular resistance (SVR) [12,17]. Moreover, the hemodynamic pro- 
file observed in many patients is characterized by inappropriately low systemic 
vascular resistance. These findings have led investigators to hypothesize that a 
systemic inflammatory response syndrome (SIRS) may develop in a subset of 
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patients with cardiogenic shock, which has sparked interest in the role of inflam- 
matory cytokines in the pathophysiology of cardiogenic shock. The activation of 
proinflammatory cytokines in SIRS from any cause leads to high levels of iNOS, 
NO, and NO-derived species such as peroxynitrite. NO is synthesized at low lev- 
els by endothelial and myocardial cell endothelial nitric oxide synthase (eNOS). 
Under normal physiologic circumstances, it has cardioprotective characteris- 
tics [18,19]. However, in the setting of exposure to inflammatory mediators or 
trauma, many cell types express iNOS at pathophysiologic levels [20]. This can 
lead to the accumulation of toxic levels of NO and other NO-derived species 
that form after NO reacts with superoxide. In experimental models, high iNOS 
and NO levels are seen after MI and subsequent reperfusion [21]. These agents 
may contribute to the pathogenesis of cardiogenic shock through a plethora of 
mechanisms, including systemic vasodilation, depression of myocardial con- 
tractility, suppression of myocardial respiration in nonischemic myocardium, 
reduced catecholamine sensitivity, and effects on glucose metabolism as well 
as effects on flow in the noninfarcted coronary vessels [17,22-24]. It therefore 
appears that the clinical picture of cardiogenic shock evolves under the influ- 
ence of a complex interplay of factors including the compensatory mechanisms 
set in motion by tissue hypoperfusion and inflammation. This paradigm is 
illustrated in Fig. 4.1 [17]. These mechanisms offer intriguing targets for the 
future development of pharmaceutical agents for the medical management 
of cardiogenic shock. One such agent, an isoform-nonselective NOS inhibitor, 
L-N-monomethyl arginine (l-NMMA), was studied in the Tilarginine Acelate 
Injection in a Randomized International Study in Unstable MI Patients with 
Cardiogenic Shock (TRIUMPH) [25] trial in patients with MI and refractory car- 
diogenic shock in the presence of an open infarct artery. The enrollment for this 
trial was terminated at 398 patients on the basis of a prespecified futility analy- 
sis. There was no difference in 30-day all-cause mortality between patients who 
received l-NMMA (48%) versus placebo (42%) (P = 0.24) [25]. This may be a 
result of the fact that it is likely that multiple, redundant biochemical pathways 
are involved in the development of cardiogenic shock and that the inhibition of 
one mechanism alone may not be sufficient to either forestall or ameliorate the 
process. 

Clinical assessment 

The classic clinical syndrome of cardiogenic shock due to LV failure is charac- 
terized by systemic hypotension (usually defined as a systolic blood pressure 
below 90 mm Hg, although patients requiring high-dose inotropic support to 
maintain a blood pressure of 90-100 mm Hg are also considered to be in shock) 
accompanied by symptoms or signs of tissue hypoperfusion and pulmonary 
congestion. The cardinal clinical signs of peripheral hypoperfusion include cool 
extremities and oliguria. Cerebral hypoperfusion may manifest as an altered 
sensorium, restlessness, or agitation. 
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Not all patients present with the entire constellation of clinical characteristics. 
While the combination of pulmonary congestion and peripheral hypoperfusion 
is the commonest presentation, nearly a quarter of patients with LV failure 
causing shock present with isolated tissue hypoperfusion in the absence of 
pulmonary congestion [26]. Occasional patients may demonstrate pulmonary 
congestion and hypotension in the absence of signs of tissue hypoperfusion 
[26]. Although classic teaching is that patients are tachycardic in the absence of 
chronotropic incompetence or medications that decrease heart rate, the average 
heart rate in the SHOCK registry and trial was 95 and 100 beats per minute, 
respectively [10,27]. Tachypnea and rales are usually present. Jugular venous 
distention may be seen. Cardiac examination most commonly demonstrates 
only faint heart sounds, though a third and/ or fourth heart sound may be 
present. Murmurs indicative of concomitant mechanical complications such as 
mitral regurgitation and ventricular septal defect may be audible, although 
these findings are often subtle or obscured in a shock setting characterized by 
poor cardiac contractility and reduced gradients, rales or wheezes, and artifacts 
produced by intra-aortic balloon pumps (IABPs) and mechanical ventilation. 

The majority of patients who eventually develop cardiogenic shock do 
not present in shock at the time of initial medical contact or hospitaliza- 
tion [1,3,4,28,29]. In the Global Use of Strategies to Open Occluded Coronary 
Arteries — I (GUSTO-I) trial, shock was present on admission in only 0.8% at 
hospitalization. An additional 5.3% developed shock after admission, either 
with sudden deterioration or following a gradual fall in cardiac output and 
blood pressure ("preshock"). Approximately 50% of patients who developed 
shock after admission did so within 24 hours of MI onset; most remaining cases 
occurred in the following 3 days, though isolated cases were delayed for up to 
1 week [3] . Similarly, among patients with predominant LV dysfunction enrolled 
in the SHOCK trial, the median time from MI to shock onset was 5.5 hours, 
although 75% of patients developed shock within 24 hours [27]. In the SHOCK 
trial and registry, 26% of patients had cardiogenic shock on admission and 74% 
developed shock during hospitalization. Patients who presented with cardio- 
genic shock on admission had a shorter time from MI to cardiogenic shock 
(1.5 vs. 8.1 hours). While the majority of patients developed shock after admis- 
sion, it is important to note that the patients who presented with shock had 
a worse initial hemodynamic profile. The use of aggressive treatment was less 
frequent in this group. Inhospital mortality was higher (75% vs. 56%; P < 0.001) 
with more rapid death (24-hour mortality 40% vs. 17%; P < 0.001) in cardio- 
genic shock on admission than in delayed cardiogenic shock patients. A similar 
reduction was seen in inhospital mortality with the use of emergency revascular- 
ization in both groups. After adjustment for clinical characteristics, cardiogenic 
shock on admission was an independent predictor of inhospital mortality but 
was no longer independent when variables derived from right heart catheteri- 
zation were adjusted for [30]. 
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Studies have been performed to predict the development of shock in patients 
with acute coronary syndromes. In one model, old age, systolic blood pressure, 
heart rate, and Killip class appeared to be strong predictors [31,32] . However, the 
positive predictive value of such models is limited and, as such, they are more 
helpful for identifying a low-risk group. In general, sustained relative hypoten- 
sion, borderline tachycardia, and clinical or radiographic signs of pulmonary 
congestion are ominous signs that often precede the development of shock and 
frank tissue hypoperfusion. This constellation, often termed preshock, is typi- 
cally accompanied by systolic blood pressure values above 90 mm Hg that are 
maintained through rising SVR coincident with falling cardiac output [33]. Clin- 
ically evident systemic hypoperfusion may not yet be present or appreciated. 
Nevertheless, prompt recognition of preshock by nurses and physicians caring 
for MI patients is pivotally important in order to initiate timely transfer, hemo- 
dynamic monitoring, cardiac catheterization, revascularization, and circulatory 
support. 

A 12-lead electrocardiogram should be performed immediately on presenta- 
tion to hospital. This may lead to the identification of MI and/ or arrhythmias. A 
completely normal electrocardiogram suggests possibilities other than ischemic 
heart disease; a lack of extensive ST-segment elevations or depressions (severe) 
and/ or Q-waves or other severe abnormality such as left bundle branch block 
(LBBB) suggests an etiology other than LV failure. Chest radiography may show 
cardiomegaly pulmonary venous hypertension, or pulmonary edema. Blood 
counts may demonstrate a neutrophilic leukocytosis. Arterial blood gases may 
reveal hypoxemia and evidence of metabolic acidosis if tissue hypoperfusion 
has already developed. In the latter setting, an elevation in blood urea nitrogen, 
serum creatinine, and liver enzymes may also be seen. 

Among MI patients with suspected shock, the likelihood of LV dysfunction as 
the primary etiology is especially high in patients with extensive ECG changes in 
the precordial leads. Most patients who have cardiogenic shock from LV pump 
failure show evidence of elevated filling pressures as manifested by rales or 
pulmonary congestion or pulmonary edema on chest radiography. In contrast, 
the clinical picture for shock due to RV infarction is a hypotensive patient with 
inferior myocardial infarction without evidence of pulmonary congestion by 
physical examination or chest radiography (see Chapter 5). 

Diagnostic evaluation 
Echocardiography 

Once a diagnosis of cardiogenic shock due to LV failure is suspected on clinical 
grounds, echocardiography provides key confirmatory information. Transthor- 
acic echocardiography can assess right- and left ventricular function. Other 
mechanical complications such as acute papillary muscle rupture with mitral 
regurgitation, ventricular septal defect, or ventricular free wall rupture with 



84 Cardiogenic Shock 



cardiac tamponade can also be readily diagnosed. These mechanical causes 
or contributors to shock may be easily missed during clinical examinations 
in patients with poor contractility and low output, and respiratory distress. 
Referral centers accepting patients with cardiogenic shock should ensure that 
echocardiography can be performed expeditiously at the patient bedside or in 
the cardiac catheterization laboratory in order to minimize delays in cardiac 
catheterization, circulatory support and revascularization. When an echocar- 
diogram is not available before catheterization, right heart catheterization and 
left ventricular angiography can detect most contributory mechanical lesions. 

In an analysis from the SHOCK trial, an echocardiogram and an angiogram 
before revascularization were available in 127 patients [34]. Although the 
median EF derived by echocardiography and LV angiography was identical 
(30%), the positive correlation was weak (R 2 = 0.209, P = 0.019). Patients with 
a larger number of diseased vessels had worse MR by echocardiography (P = 
0.005). There was a significant but weak association between LV angiographic 
MR grade and echocardiographic MR severity (R 2 — 0.162, P = 0.015), but there 
was no association between culprit vessel and degree of MR [35]. Both short- 
and long-term mortality appear to be associated with initial LV systolic function 
and MR as assessed by echocardiography, and a benefit of early revasculariza- 
tion (ERV) is noted regardless of baseline EF or MR [12]. In the hypotensive 
patient, alternate diagnostic possibilities such as acute right heart failure from 
pulmonary embolism and other pathologies such as significant valvular disease 
can be diagnosed. In the patient with LV failure, the finding of RV enlargement 
and hypokinesis interestingly seems to identify a subgroup of patients with pre- 
dominant inferior infarction and improved prognosis compared with patients 
with predominant LV failure alone [35]. Diastolic function abnormalities are 
often seen, and LV filling patterns are commonly observed to be restrictive [36]. 

In some circumstances, particularly in patients with chronic obstructive pul- 
monary disease or in supine, mechanically ventilated patients, it can be difficult 
to obtain adequate echocardiographic images. Here transesophageal echocar- 
diography is a useful alternative. In general, this can be performed safely at 
the bedside. However, in patients who are not intubated but are exhibiting a 
tenuous respiratory status, the procedure does carry some risk, since use of 
sedation and esophageal intubation with the attendant risk of aspiration may 
precipitate acute respiratory failure that would usually mandate endotracheal 
intubation and mechanical ventilation. 

Echocardiography is especially useful in undifferentiated patients with shock 
or hypotension, particularly when clinical findings are discordant or suggest 
multiple etiologies. A common scenario is the patient admitted to a medical 
intensive care unit with shock of unknown etiology and elevated biomarkers 
of cardiac injury, but with an unremarkable ECG. In such cases, documentation 
of normal or hyperdynamic LV function and normal RV size and function is a 
good way of excluding a significant cardiogenic component and will obviate 
the need for emergency cardiac catheterization and its attendant risks. Rapid 
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echocardiography is also useful prior to catheterization for those with onset of 
shock late after MI onset. In contrast, patients presenting in shock with extensive 
anterior STEMI need not have intervention delayed by an echo. 

Hemodynamic assessment 

Invasive hemodynamic assessment using pulmonary artery (PA) catheteriza- 
tion may be useful to confirm and characterize the initial shock state and 
for guiding therapy. The typical hemodynamic profile of a patient in cardio- 
genic shock is reduced cardiac index (less than 2.2 L/min/m 2 ), pulmonary 
artery wedge pressure of at least 15 mm Hg (usually considerably higher), and 
systemic blood pressure <90 mm Hg (Table 4.1). The presence of low filling 



Table 4.1 Hemodynamic characteristics of patients 


in the SHOCK trial (n = 278). 


SBP (mm Hg) 


90 ±21 


DBP (mm Hg) 


56 ±15 


MAP (mm Hg) 


67 ±16 


RAP(mmHg) 


15 ±8 


PAWP (mm Hg) 


24 ±7 


Cardiac index (L/min/m 2 ) 


1.80 ±0.61 


CPI (W/m 2 ) 


0.27 ± 0.12 


SVR index (dyne ■ s ■ cm -5 • m 2 ) 


2,468 (1,923-3,111) 


SVI (mL/m 2 ) 


18.8 ± 7.2 


SWI (g/m/m 2 ) 


10.0 (6.5-14.3) 


LV work index (kg/m/min/m 2 ) 


1.1 ±0.6 


Coronary perfusion pressure (mm Hg) 


34 ±14 


RV SBP (mm Hg) 


43 ±15 


RV DBP (mm Hg) 


16 ±9 


PA SBP (mm Hg) 


41 ± 12 


PA DBP (mm Hg) 


24 ±8 


Note: Values are given as the median (IQR) or mean ± SD, unless otherwise indicated. 
LV, left ventricular; SBP, systolic BP; DBP, diastolic BP; MAP, mean arterial pressure; 
RAP, mean right atrial pressure; CPO, cardiac power output; CPI, cardiac power index; 
SVR, systemic vascular resistance; RV, right ventricular; PA, pulmonary artery; PAWP, 
pulmonary artery wedge pressure; LVEF, left ventricular ejection fraction. All values 
recorded on support measures. (Reprinted with permission from feger RV, Lowe AM, 
Buller CE, et al. Chest 2007;132(6):1794-803.) 
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pressures from hypovolemia can be easily established and can lead to appro- 
priate volume resuscitation. The presence of peripheral vasoconstriction or, in 
some patients, a distributive physiology characterized by low systemic vascu- 
lar resistance can be determined. The degree of global perfusion impairment 
can be assessed by determining mixed venous oxygen saturations, which can 
then be tracked longitudinally to determine trends and responses to therapeu- 
tic interventions. Finally, pulmonary artery catheterization findings can suggest 
other causes of cardiogenic shock complicating acute MI, including ventricu- 
lar septal rupture (oxygen saturation step-up across the right ventricle), acute 
severe MR (pulmonary artery wedge CV waves exceeding 10 mm Hg above 
mean wedge pressure), and RV shock [disproportionately high right-sided fill- 
ing pressures accompanied by further elevation on spontaneous inspiration — 
Kussmauls' sign (Table 4.2)]. 

In using a flow-directed pulmonary artery (Swan-Ganz) catheter, it is impor- 
tant to be mindful of several issues. Accurate and reproducible hemodynamic 
measurements demand careful and frequent flushing and calibration, confir- 
mation of appropriate waveforms (free of artifacts from catheter thrombosis, 
kinking, or migration). When uncertainty exists regarding differentiation of 
pulmonary artery and pulmonary wedge waveforms, it may be useful to con- 
firm catheter tip position by obtaining a sample for oximetry. Over time, PA 
catheters tend to soften and thus migrate distally leading to spontaneous wedg- 
ing even when the balloon tip is not inflated. Beyond erroneous interpretation 
of values obtained from unintentionally wedged catheters, this phenomenon 
can lead to pulmonary infarction or if the balloon tip is unwittingly inflated 
in this position, PA rupture and massive hemoptysis. PA catheters traversing 
the tricuspid annulus and right ventricle can also be highly arryhthmogenic, 
leading to repeated episodes of ventricular tachycardia or fibrillation indistin- 
guishable from spontaneous electrical storm. The development of repetitive 
ventricular arrhythmias in a shock patient with indwelling PA catheter should 
prompt consideration of the catheter, rather than the illness, as cause. Finally, 
patients with cardiogenic shock initially manifest high ventricular filling pres- 
sures not because of volume overload but because of poor cardiac performance. 
When interpreting the wedge pressure, one must remember that volume is only 
one of its many important determinants. LV compliance is another important 
factor. In the setting of acute MI, the reduced LV compliance leads to an ele- 
vated LV filling pressure at any given ventricular volume. Aggressive diuretic 
interventions intended to "normalize" the right- and left-sided filling pressures 
can exacerbate the low-output state and should be avoided. 

Routine PA catheterization in intensive care units is controversial. Indeed, 
a frequently cited meta-analysis failed to show clear evidence of benefit but 
was based on studies in patients who were critically ill from a wide variety of 
causes [27]. No randomized studies have evaluated the utility of indwelling 
PA catheters for patients with cardiogenic shock. Nevertheless their use in MI 



Chapter 4 Left ventricular pump failure 87 



> 

C/3 



T 

CM 



U 



CM 

I 



V 



C/3 



D 



V 



2 0 



D 



C/3 

5 



O 

s 



CM 



O 

2 



c 

o 
g 

"3 



3 Z 



3 

> 0) 

r. 



o 



0) OJ 

(H H 

3 3 



3 



TS > > 

u 



S .a 



88 Cardiogenic Shock 



patients with shock is a class Ha recommendation in the ACC/AHA STEMI 
guidelines [38]. An observational analysis from 2401 GUSTO-I patients with 
cardiogenic shock found lower mortality among patients managed with PA 
catheters (45.2%) than among those not managed with PA catheters (63.4%) [39]. 

In a report from the GUSTO lib and GUSTO III trials, PA catheterization was 
found to have been performed in 735 patients, with a median time to insertion 
of 24 hours [40]. Patients undergoing PA catheterization were older, more often 
diabetic, and more likely to present with ST-segment elevation or Killip class 
III or IV. U.S. patients were 3.8 times more likely than non-U.S. patients to 
undergo PA catheterization. Patients managed with PA catheterization also 
underwent more procedures, including percutaneous intervention (40.7% vs. 
18.1%), coronary artery bypass graft (CABG) surgery (12.5% vs. 7.7%), and 
endotracheal intubation (29.3% vs. 2.2%). Raw and adjusted 30-day mortality 
was higher overall among patients managed with PA catheterization [OR 8.7 
(CI 7.3-10.2) and 6.4 (CI 5.4-7.6), respectively] but not in the subgroup of patients 
with cardiogenic shock [OR 0.99 (CI 0.80-1 .23)] [40]. 

The Evaluation Study of Congestive Heart Failure and Pulmonary Artery 
Catheterization Effectiveness (ESCAPE) trial studied the effectiveness of PA 
catheterization in patients hospitalized with severe symptomatic and chronic 
recurrent heart failure. The addition of PA catheterization to careful clinical 
assessment was associated with a higher frequency of adverse events but did 
not affect overall mortality and hospitalization [41]. 

In the absence of more definitive data to guide practice, a clinician's decision 
to place a PA catheter in the setting of cardiogenic shock must be individu- 
alized. Experience suggests they are most useful in patients with sustained 
shock requiring titration of inotropes and vasoactive agents, when uncertainty 
regarding the cardiogenic nature of shock or pulmonary edema exists, when 
shock without pulmonary congestion develops, or when oxygenation is com- 
promised despite high inspired fractional oxygen content (Fi02). Conversely, 
patients in whom the diagnosis is clear and who are improving rapidly follow- 
ing revascularization are unlikely to benefit. The placement of an arterial line 
for real-time monitoring of blood pressure is also recommended, particularly 
when vasopressor or inotropic agents are administered. 

Coronary angiography 

Emergency coronary angiography in the setting of cardiogenic shock compli- 
cating MI is indicated in order to determine the distribution and extent of 
coronary artery obstruction and guide emergency revascularization [42]. Revas- 
cularization is discussed in greater detail below and in Chapters 10 and 11. In 
patients presenting with cardiogenic shock complicating suspected but uncon- 
firmed MI (usually a consequence of ambiguous ECG changes), early coronary 
angiography should be undertaken to establish the etiology. In the absence of 
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obstructive coronary artery disease, right ventricular, left ventricular, valvular, 
and subvalvular function should be assessed. If normal, there should be a reeval- 
uation of the cardiogenic nature of the shock state. Those with abnormal LV func- 
tion may have other causes of cardiogenic shock, such as fulminant myocarditis 
(which can mimic STEMI with localized ST-segment elevation and regional wall 
motion abnormalities) or takotsubo cardiomyopathy (see Chapter 8). 

Left ventriculography should be strongly considered if the patient has not 
undergone echocardiography since the development of shock. Digital angio- 
graphic techniques with only small volumes of contrast are preferable. Ventricu- 
lography will quantify LV dysfunction, reveal regional wall motion abnormal- 
ities, and identify clinically unsuspected mitral regurgitation and ventricular 
septal or free wall ruptures. 

Management 

Once the diagnosis is established and the hemodynamic state is characterized, 
the management of the patient is based on general measures, circulatory sup- 
port, and in the common scenario of cardiogenic shock resulting from acute 
MI and pump failure, emergency reperfusion and revascularization. In patients 
with cardiogenic shock from a nonischemic etiology, management largely cen- 
ters on circulatory support until surgical correction of the valvular or mechani- 
cal cause, recovery from myocarditis, or LV assist devices (LVAD) implantation 
and /or cardiac transplantation can be undertaken in suitable candidates. The 
concepts of circulatory support outlined below can, in general, be applied to 
all patients with pump failure from a variety of causes, but the discussion on 
revascularization and antiplatelet therapy applies most specifically to patients 
with cardiogenic shock complicating predominantly LV pump failure due to an 
acute ischemic syndrome. 

General measures 

All patients should be treated with aspirin. In the intubated patient, aspirin may 
be administered via a nasogastric tube or in the form of a rectal suppository. 
Intravenous heparin should be administered. 

All patients should undergo coronary angiography to determine their coro- 
nary anatomy. If, following coronary angiography, percutaneous coronary inter- 
vention (PCI) is the chosen reperfusion strategy, glycoprotein lib /Ilia inhibitors 
should be given immediately before the PCI procedure. Glycoprotein Ilb/IIIa 
inhibitors should be individualized in patients undergoing rescue or adjunctive 
PCI after fibrinolysis, and are generally avoided within 4 hours of fibrinolytic 
administration or in those perceived to be at increased bleeding risk. If coronary 
angiography reveals extensive multivessel disease that requires urgent CABG 
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surgery, and if both surgeon and operating room are available, glycoprotein 
lib /Ilia inhibitors should be withheld. 

Beta-blockers and angiotensin-converting enzyme (ACE) inhibitors should 
be avoided until the recovery period when the patient has a sustained period 
of stable blood pressure in the absence of mechanical or pharmacologic circula- 
tory support. Beta-blockers should be initiated in preparation for discharge at 
a low dose with planned out-of-hospital gradual dose increases, with a reg- 
imen similar to those used for chronic heart failure patients. Indeed, early 
intravenous beta-blockade has been shown to be associated with a higher inci- 
dence of the development of cardiogenic shock in patients with acute MI who 
have evidence of rales or risk factors for shock and for this reason are to be 
avoided in these patients [43]. Calcium channel blockers should be avoided 
because of their negative inotropic effects. In the setting of arrhythmias, agents 
with negative inotropic and vasodilatory properties such as procainamide and 
quinidine should be avoided. If the need for an antiarrhythmic drug arises, 
amiodarone is generally a safe and well-tolerated agent that has less negative 
inotropic effects. However, rapid infusion of this agent can lower blood pressure, 
thereby contributing to compromise of systemic perfusion in shock patients 
(see Chapter 3). 

Management of volume and preload in patients with both hypotension and 
pulmonary congestion is especially challenging. When a PA catheter is used, a 
preliminary goal should be to achieve and maintain a pulmonary artery wedge 
pressure of 18-25 mm Hg. Competing demands of cardiac output, arterial pres- 
sure, heart rate, and arterial oxygenation can generally be optimized within 
this range by stepwise titration of volume, inotropes, vasoactive agents, and 
circulatory support devices. However, the goal of achieving adequate systemic 
perfusion and oxygenation should be guided by clinical measures and should 
not be lost amid preoccupation with specific hemodynamic values. Patients 
with evidence of pulmonary congestion should be treated with diuretics, but 
overdiuresis should be avoided. Those with euvolemic status before the onset 
of shock have relative intravascular hypovolemia soon after the onset of pul- 
monary edema due to extravasation of fluid into the lungs. In the situation 
of acute respiratory failure from pulmonary edema, mechanical ventilation is 
typically required. The role of noninvasive positive pressure ventilation, endo- 
tracheal intubation, and mechanical ventilation is discussed in Chapter 3. 



Circulatory support 

Circulatory support is one of the most important aspects of the management 
of cardiogenic shock. The goal of circulatory support is to reverse the state of 
tissue hypoperfusion induced by systemic hypotension. This is accomplished 
by pharmacologic and mechanical means. 
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Pharmacologic circulatory support 

Pharmacologic circulatory support generally implies the use of inotropic 
and vasopressor agents. To date, no large-scale controlled studies have com- 
pared various inotropes, alone or in combination, for the treatment of cardio- 
genic shock. All inotropic and vasoconstrictive pharmacologic agents increase 
myocardial oxygen consumption directly or indirectly. Moreover, those that 
contribute to tachycardia shorten the diastolic interval required for myocardial 
perfusion. Use of these agents should therefore be considered adjunctive or tem- 
porizing; the hemodynamic stability they provide in the short term is obtained 
at the expense of additional myocardial stress and ischemia. 

Dopamine, commonly a first-line pharmacologic agent for cardiogenic shock, 
has direct inotropic effects mediated through beta-adrenergic stimulation. 
At higher doses it achieves vasopressor effects through peripheral alpha- 
adrenergic stimulation. Dobutamine has cardiac effects similar to dopamine, 
but when used alone it can worsen hypotension by causing peripheral vasodi- 
lation. Norepinephrine, an alpha-adrenergic stimulator with much less pro- 
nounced beta-adrenergic activity, is a useful second-line agent when dopamine 
or dopamine/dobutamine combination therapy is inadequate. All adrenergic 
agents with beta-adrenergic properties can contribute to excessive tachycardia 
and tachyarrhythmias. Phenylephrine (a highly selective alpha-adrenergic ago- 
nist) and vasopressin (a direct vasoconstrictor) may be useful adjuncts that can 
enable down-titration of beta-adrenergic catecholamines when necessary. As 
monotherapies, however, they reduce cardiac output by increasing afterload 
alone and there is a paucity of systematic data in cardiogenic shock. 

Milrinone is a phosphodiesterase inhibitor that mediates its effects by causing 
an increase in intracellular cyclic adenosine monophosphate without employing 
adrenergic receptors. This agent has salutary effects on myocardial contractility. 
However, it also causes vasodilation and is therefore not recommended as a 
first-line agent in the hypotensive patient. If used, it may need to be combined 
with an agent such as dopamine. 

Mechanical circulatory support 

In contrast to pharmacologic circulatory support, mechanical circulatory sup- 
ports reduce cardiac work and myocardial oxygen consumption, and in com- 
plimentary fashion directly or indirectly improve myocardial perfusion. These 
technologies are discussed in detail in Chapter 9. 

Intra-aortic balloon pump 

Intra-aortic balloon counterpulsation (IABP) provides systemic circulatory sup- 
port by directly augmenting diastolic arterial pressure (balloon inflation phase) 
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and by increasing LV stroke volume (by lowering LV afterload, balloon deflation 
phase). These same effects simultaneously improve coronary perfusion pressure 
in the critical diastolic phase of myocardial blood flow and reduce myocardial 
oxygen consumption by reducing LV volume and wall stress. Guidelines rec- 
ommend the use of intra-aortic balloon counterpulsation in patients who fail to 
demonstrate immediate improvement in hemodynamic parameters with gen- 
eral supportive measures and simple pharmacologic therapy. Balloon pumps 
provide an important bridge to angiography and revascularization in the shock 
patient as well as critical circulatory support through the period of additional 
ischemic stress imposed by PCI or CABG procedures. However, based on a 
lack of randomized trial outcome data for IABP use in conjunction with PCI, 
new trials have been developed. IABP devices are unsuitable for patients with 
advanced atherosclerotic aortoiliac disease and for those with moderate or 
severe aortic valve insufficiency. 

Intra-aortic balloon counterpulsation has been used in patients with acute MI 
and cardiogenic shock since the 1970s [44]. Several small retrospective studies 
conducted in the 1990s found a reduction in the inhospital mortality of patients 
treated with a combination of thrombolytic therapy and IABP [45^18]. In the 
GUSTO-I trial, there was a trend toward lower mortality in patients treated 
with IABP, although this was not a significant independent predictor of the 
outcome [49]. In the SHOCK trial registry of patients with predominant LV 
failure, patients treated with IABP in combination with thrombolytic therapy 
had the lowest inhospital mortality [50]. In the National Registry of Myocardial 
Infarction-2 (NRMI-2) database, the use of IABP in combination with thrombol- 
ysis was associated with a significant reduction in mortality from 67% to 49% 
[51]. To date, only one clinical trial has addressed the role of IABP in addition 
to thrombolytic therapy for acute MI. The Thrombolysis And Counterpulsa- 
tion To Improve Cardiogenic Shock (TACTICS) trial randomized a total of 57 
patients with STEMI and hypotension or heart failure to thrombolysis alone or 
to thrombolysis with IABP. In the group assigned to thrombolysis alone, 30% 
crossed over and received IABP. There was a trend toward a lower mortality 
at 6 months in the group treated with IABP and thrombolysis (34%) com- 
pared with the group treated with thrombolytics alone (43%) [52]. Although 
the independent effect of IABP use on mortality in conjunction with mechani- 
cal reperfusion has not been shown, its use facilitates the safe performance of 
percutaneous intervention. 

Percutaneous left ventricular assist devices 

Percutaneous LVADs have recently emerged as an option for temporary circula- 
tory support in the patient with LV failure. Currently, two devices are available 
for clinical use in North America. (A complete discussion of LVADs can be found 
in Chapter 9.) The TandemHeart (Cardiac Assist Inc, Pittsburgh, Pennsylvania, 
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USA) device has a 21F drainage cannula that is placed in the left atrium via 
a transseptal puncture. Oxygenated blood is aspirated from the left atrium 
and circulated back through the femoral artery by a centrifugal pump using a 
15-17F cannula. The device can pump at a maximum of 7500 rpm, achieving 
flow rates of up to 3.5 L/ min. The device produces a significant improvement in 
cardiac output and blood pressure and brings about a reduction in pulmonary 
artery wedge pressure [53]. There are anecdotal reports of the device being used 
successfully in patients with cardiogenic shock and worsening hemodynamics 
despite the use of vasopressors and balloon counterpulsation [54-56]. It has 
also been used for circulatory support in patients undergoing high-risk PCI 
[53,57-59]. 

The device has been compared with IABP in one small multicenter trial with 
42 patients. Cardiogenic shock was due to MI in 70% of the patients and decom- 
pensated heart failure in most of the remaining patients. The mean duration 
of support was 2.5 days. Compared with IABP, the TandemHeart device 
achieved significantly greater increases in cardiac index and mean arterial blood 
pressure, and significantly greater decreases in pulmonary artery wedge pres- 
sure. Overall 30-day survival was not significantly different between the two 
groups. However, there was a trend toward a higher incidence of complica- 
tions with the use of the TandemHeart device. The complications related to 
the large size of the cannulas need for transseptal puncture and included local 
vascular complications such as bleeding (42%) and distal limb ischemia (21%). 
Although not statistically significantly different, these complications occurred 
with a lower frequency in patients treated with IABP [60]. 

In a single-center study, patients in cardiogenic shock after acute MI with 
intended PCI of the infarct-related artery were randomized to either IABP 
(n = 20) or percutaneous VAD support (n = 21). The primary outcome measure, 
cardiac power index, as well as other hemodynamic and metabolic variables 
could be improved more effectively by VAD support. However, complications 
like severe bleeding (19 vs. 8, P = 0.002) or limb ischemia (7 vs. 0, P = 0.009) 
occurred more frequently after VAD support, whereas 30-day mortality was 
similar (IABP 45% vs. VAD 43%, log-rank, P = 0.86) [61]. Given the limited data 
that are presently available on this device, it appears that it is best suited for a sce- 
nario in which standard medical therapy with vasopressors and balloon coun- 
terpulsation has failed. This device should be used only by experienced teams 
because of the large bore of the catheters and the need for transseptal procedures. 

Another device is the Impella Recover system (Impella Cardiosystems AG, 
Aachen, Germany) which has a caged blood flow inlet that is placed retrograde 
into the left ventricle to aspirate oxygenated blood, which is then injected into 
the ascending aorta by means of a microaxial pump [62] . Currently two types are 
available: the Impella Recover LP 2.5 and LP 5.0 models. The Impella Recover 
LP 2.5 is a 12F catheter well suited for percutaneous implantation, whereas the 
larger Impella Recover LP 5.0 catheter requires surgical cutdown of the femoral 
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artery for insertion. The device has been used in patients with cardiogenic 
shock complicating acute MI, in those with postcardiotomy shock and fulminant 
myocarditis, and in those undergoing high-risk PCI [62-68] . Ongoing studies are 
comparing this device with IABP in patients with cardiogenic shock. Compared 
with TandemHeart, the Impella percutaneous device does not deliver as full 
circulatory support in terms of liters of flow per minute. In addition, hematologic 
abnormalities have been reported with it. 

Percutaneous cardiopulmonary bypass 

Percutaneous cardiopulmonary bypass systems, often referred to as extracorpo- 
real membrane oxygenators (ECMOs), have also been used to support patients 
with hemodynamic collapse or cardiogenic shock [69]. Such systems consist 
mainly of a blood pump and an oxygenator, 16-18F arterial cannulas in the 
descending aorta and an 18F venous cannula advanced into the right atrium. 
These are connected to an external pump and a membrane oxygenator. Blood 
is aspirated from the right atrium and pumped through a heat exchanger and 
membrane oxygenator, and then returned into the femoral artery. Continuous 
flow is provided with maintenance of a pulsatile arterial pressure unless the cir- 
culation is completely supported by the cardiopulmonary bypass device. The 
disadvantages include the large size of the cannulas with the risks of vascular 
hemorrhagic and ischemic complications. Trained perfusionists are required to 
operate these systems. The support time is usually limited to less than 6 hours. 
There are limited reports of the successful use of this approach in patients who 
have sustained hemodynamic collapse in the catheterization laboratory or who 
are in cardiogenic shock [70-76]. 

Surgically implanted LVADs 

There are limited data on the use of surgically implanted LVADs for circula- 
tory support in patients in cardiogenic shock. The largest series comes from a 
multicenter trial that reported a 24% mortality rate with the use of LVADs in 17 
patients with cardiogenic shock from acute MI [77]. Another report [78] docu- 
mented an 85% rate of successful bridge to transplantation and a 29% mortality 
rate with the use of LVAD support in 7 patients with cardiogenic shock from 
acute MI. In the largest experience [79], 49 patients received LVAD support 
for cardiogenic shock in the setting of acute MI. The VAD support success- 
fully bridged 38 (74%) patients to heart transplantation. Of the 38 patients who 
received transplants, 33 (87%) were eventually discharged from the hospital. The 
overall inhospital mortality rate for patients with cardiogenic shock was 33%. 

One of the concerns that surgeons have when implanting an LVAD into a 
patient with an acute anterior wall myocardial infarction is the safety of apical 
cannulation in the presence of acutely infarcted apical myocardium, which is 
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usually necrotic and friable. This can lead to ventricular disruption and bleeding 
from the cannulation site. These complications, when they occur, can have lethal 
consequences. LVADs have also been used in patients with myocarditis as a 
bridge to recovery or heart transplantation [80-82]. In general, where possible, 
the surgical placement of an LVAD should be considered for suitable candidates 
in the situation of cardiogenic shock refractory to conventional measures, as a 
bridge to recovery or transplantation. 

Reperfusion therapy 

Emergency mechanical revascularization of occluded coronary arteries by PCI 
or CABG is a key intervention in cardiogenic shock due to LV failure com- 
plicating myocardial infarction (Fig. 4.2). While revascularization should be 
performed as early as possible, the time window for proven benefit is consid- 
erably longer than the 6- to 12-hour window established for primary PCI in 
uncomplicated STEMI, and extends to >24 hours after the onset of MI. This 
extended window of benefit is believed to exist because of the vicious cycle 
of hypotension and myocardial ischemia that characterizes shock due to LV 
ischemia and infarction. The importance of this approach was established in 
the SHOCK trial, which compared early revascularization to initial medical 
stabilization with delayed revascularization in patients in cardiogenic shock 
from STEMI [42]. The 30-day mortality rate was 46.7% in the early revascu- 
larization group and 56% in the initial medical stabilization group (P = 0.11). 
Survival curves continued to diverge such that the 6- and 12-month mortality 
rates were significantly lower for patients assigned to emergency revascular- 
ization (12-month mortality: 53.3% vs. 66.4%, P < 0.03), and this difference was 
maintained up to 11 (median 6) years [83-84]. Moreover, patients younger than 
75 years had a significant reduction in mortality by 30 days. 

The Swiss Multicenter Trial of Angioplasty for Shock [(S)MASH trial] ran- 
domized 55 patients with refractory shock to either PCI or conventional medical 
therapy. This trial was terminated prematurely due to slow enrollment, largely 
due to perceived benefits of ERV as demonstrated by retrospective studies. 
The mortality in the PCI group was lower at 69% compared with 78% for 
patients treated with conventional care, but this difference was not statistically 
significant [85]. Based on these data, the AHA/ACC guidelines specify emer- 
gency revascularization as a class 1A indication for patients <75 years with 
ST-segment elevation or LBBB who develop shock within 36 hours of MI and 
who are suitable for revascularization that can be performed within 18 hours 
of shock onset. The apparent lack of efficacy of emergency revascularization 
in patients >75 years enrolled in the SHOCK trial was likely related to chance 
imbalance of baseline characteristics in this small subgroup [86]. Multiple reg- 
istry studies and the overall SHOCK trial results support a survival benefit with 
ERV in selected elderly patients without advanced comorbidities [87-89]. The 
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AHA/ACC guidelines give a class IIA recommendation for ERV in patients 
aged 75 or older, who are suitable candidates [38]. 

The choice of revascularization strategy (PCI vs. CABG) in SHOCK trial 
was left to physician discretion, though emergency surgery was encouraged in 
patients with severe 3-vessel or left main coronary artery disease. A compari- 
son between PCI and CABG in 128 patients with predominant LV failure, who 
underwent ERV in the SHOCK trial, showed that the 47 patients selected for 
surgery had a higher frequency of diabetes and more extensive multivessel or 
left main disease. Despite these differences, the survival rates were 55.6% in 
the PCI group compared with 57.4% in the CABG group at 30 days (P = 0.86) 
and 51.9% compared with 46.8%, respectively, at 1 year (P = 0.71). This obser- 
vation speaks to the important role of early CABG in shock patients, and may 
reflect more complete revascularization. Among patients with multivessel dis- 
ease assigned early revascularization in SHOCK trial, complete revasculariza- 
tion was achieved in 87% who underwent CABG versus 23% of those who 
had PCI [91]. Nevertheless, long-term follow-up demonstrated similar survival 
for those who underwent CABG versus PCI [83]. Other potential benefits of 
early CABG include LV decompression, cardioplegia, and myocardial cooling 
as discussed in Chapter 11. 

Based on SHOCK trial data, PCI appears to be appropriate in patients with 
1- or 2-vessel disease amenable to PCI. For left main or severe 3-vessel disease, 
CABG may be the preferred strategy. CABG surgery is clearly indicated when 
concomitant mechanical complications warranting surgical repair coexist. If 
timely surgical revascularization is not available, left main or multivessel PCI 
is preferable to delaying surgery. Current guidelines discourage the treatment 
of nonculprit stenoses during primary PCI for uncomplicated MI. In the setting 
of cardiogenic shock, however, nonculprit stenoses, particularly if sufficiently 
severe to be contributing to ischemia, should be considered for intervention 
during the initial PCI procedure. 

When mechanical reperfusion for STEMI patients with shock is not immedi- 
ately available, fibrinolytic therapy is likely beneficial. No adequately powered 
prospective trial exists to definitively address this, although observational data 
provide insights that can inform clinical care. In GISSI-I (Gruppo Italiano per lo 
Studio della Streptochinasi nell'Infarto Miocardico), a small cohort of patients 
characterized at baseline as Killip class IV did not appear to derive benefit from 
streptokinase versus placebo [92]. In the Fibrinolytic Therapy Trialists (FTT) 
Collaborative group overview, the point estimate of benefit from fibrinolytic 
therapy over placebo was consistent with 7 lives saved per 100 patients treated, 
but this apparent, large, absolute benefit was not statistically significant [93]. 

An analysis of the SHOCK trial registry implied both a benefit attributable 
to fibrinolytic therapy alone and a plausible and potentially important pos- 
itive interaction between fibrinolytic therapy and IABP [50]. Four categories 
of patients were compared: (1) fibrinolytic therapy plus IABP (19%; n = 160), 
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(2) IABP only (33%; n = 279); (3) fibrinolytic therapy only (15%; n = 132); nei- 
ther fibrinolytic therapy nor IABP (33%; n = 285). A significant difference in 
unadjusted inhospital mortality between these groups was observed: 47%, 
52%, 63%, and 77%, respectively, P < 0.0001. While these outcomes were con- 
founded by intergroup differences in baseline characteristics and revasculariza- 
tion rates, favorable outcome associated with fibrinolytic treatment persisted 
after adjustment. The apparent interaction between fibrinolysis and IABP is sup- 
ported by experimental results demonstrating reduced thrombus dissolution 
in a canine model of coronary thrombosis accompanied by hypotension. These 
experiments demonstrated recovery of thrombolytic efficacy when hypotension 
was reversed [94]. A post hoc analysis of the SHOCK trial found that patients 
assigned medical therapy had lower 12-month mortality if they had been treated 
with fibrinolytics than if they had not (60% vs. 78%) [94] . Finally, small retrospec- 
tive series suggest that transfer of fibrinolytic-treated shock patients to tertiary 
centers for early revascularization is safe and associated with outcomes compa- 
rable to those achieved at centers with on-site early revascularization [45,47]. In 
total, the available data have led to a class I recommendation for the use of fibri- 
nolytic therapy for STEMI patients with cardiogenic shock, who cannot undergo 
immediate emergency revascularization and do not have a contraindication to 
fibrinolysis [38]. 

It should be emphasized that nonrandomized studies have suggested a supe- 
riority of mechanical reperfusion to fibrinolytic therapy in patients with MI 
and in cardiogenic shock [3]. The SHOCK trial confirmed that ERV with either 
CABG or primary or rescue PCI for failed fibrinolysis was superior to fib- 
rinolytic administration when possible, followed by late revascularization as 
clinically determined. The use of fibrinolysis as a reperfusion strategy should 
be reserved for circumstances where mechanical approaches are not readily 
available, including for patients who present early after MI onset but have long 
transport times to PCI- and CABG-capable facilities. 

In STEMI complicated by cardiogenic shock, interhospital transfer of patients 
is difficult because of patients' hemodynamic instability. SHOCK trial and reg- 
istry investigators reported the effect of ERV and the interaction with fibrinolytic 
therapy and intra-aortic balloon counterpulsation in transfer and direct-admit 
patients with cardiogenic shock [95]. Fibrinolytic therapy was administered in 
49% of transfer patients at a median of 2.2 (interquartile range 1.1-4.5) hours 
after STEMI onset but 3.0 (interquartile range 0.2-12.7) hours before cardiogenic 
shock onset. In 81% of transfer patients treated with fibrinolysis, treatment was 
started before cardiogenic shock onset, and most transfer patients had car- 
diogenic shock before arriving at a hospital with revascularization capability. 
Compared with transfer patients without fibrinolysis, patients treated with 
fibrinolysis were younger and less likely to have diabetes, prior MI, or prior 
CABG and had better renal function. Transfer patients treated with fibrinolysis 
more often had ST-segment elevations but less often had LBBB on the initial 
electrocardiogram. More often the left anterior and right coronary artery and 
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less often the left circumflex artery was the culprit artery compared with patients 
without fibrinolysis. Among transfer patients who underwent coronary angiog- 
raphy those treated with fibrinolysis tended to have TIMI (thrombolysis in 
myocardial infarction) 0/1 flow less often (57% vs. 70%), but TIMI 2 flow 
(16% vs. 10%) and TIMI 3 flow more often (27% vs. 20%, overall P = 0.051). 
Inhospital mortality was lower in transfer patients treated with fibrinolysis 
than in patients without (43% vs. 55%, P = 0.0071). In transfer patients treated 
with fibrinolysis for STEMI (most often before cardiogenic shock), inhospital 
mortality was similar in both early revascularization and no /late revascular- 
ization groups (44% vs. 41%, P = 0.69), but was lower when patients who were 
not treated with fibrinolysis for STEMI subsequently received ERV for shock 
compared with no/late revascularization (40% vs. 63%, P = 0.0016). The inter- 
action between early revascularization and fibrinolysis was significant (inter- 
action P = 0.011) [95]. However, in the SHOCK trial, rescue PCI resulted in 
a treatment benefit that was similar to primary PCI when compared to ini- 
tial medical stabilization. The transfer study suggests that mostly younger and 
healthier patients are selected for transfer and more aggressive therapy. Because 
transferred patients had similar mortality rates when adjusted for age, blood 
pressure, angiography, and ERV, the authors suggested that patients not trans- 
ferred to tertiary care centers would also have had lower mortality rates if 
reperfusion strategies had been pursued as frequently as in transfer patients. 

The AirPAMI trial [96] was the only randomized trial studying the interhos- 
pital transfer of patients with complicated STEMI. This study randomized 138 
patients with risk factors including age >70, anterior STEMI, Killip class II or 
III, a heart rate >100 beat/min, or systolic blood pressure <100 mm Hg to on- 
site fibrinolysis in hospitals without revascularization capability versus trans- 
fer for primary PCI without fibrinolysis. The study showed a nonsignificant 
reduction in major adverse cardiac events in favor of the transfer group (8.4% 
vs. 13.6%, P = 0.33). On the other hand, the CAPTIM study [97,98] random- 
ized patients with STEMI to fibrinolysis versus no fibrinolysis during transfer 
to hospitals with revascularization capability and found that the overall car- 
diogenic shock incidence during hospitalization was similar in patients who 
received fibrinolytic therapy and in patients without fibrinolysis (2.5% vs. 4.9%, 
P — 0.09). However, no cardiogenic shock occurred during transportation in 
patients receiving fibrinolysis compared with 2.1% incidence in patients with- 
out fibrinolysis (P = 0.004). Additionally, among patients randomized in the 
first 2 hours, cardiogenic shock occurred less frequently with fibrinolytic ther- 
apy than with PCI (1.3% vs. 5.3%, P = 0.032), whereas rates were similar in 
patients randomized later. 

Data from a regional protocol for administration of half-dose fibrinolytic 
therapy for STEMI patients, including those with cardiogenic shock, in hospi- 
tals more than 60 miles away from a tertiary care center followed by transfer 
suggest outcomes that are comparable to direct-admission cardiogenic shock 
patients [99]. 
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In most of these studies, it is difficult to assess the influence of fibrinolytic 
therapy and revascularization independently. Since most patients with STEMI 
who develop cardiogenic shock develop this problem after the initial presen- 
tation, the decision to use fibrinolysis versus PCI is likely to be driven by the 
circumstances of the original presentation with STEMI. In the case of patients 
who have cardiogenic shock at presentation, the current ACC/AHA guidelines 
advocate the use of prompt transfer to a facility with revascularization capabil- 
ity. Fibrinolytic therapy is supported if undue delays in transfer are expected, in 
particular if the elapsed time from MI onset is less than 3 hours. Furthermore, 
fibrinolysis should be administered in STEMI patients without contraindica- 
tions who present in cardiogenic shock and are not candidates for invasive 
procedures. Additional evidence from randomized trials would be useful. 

Summary and conclusions 

LV pump failure is the most common cause of cardiogenic shock and results 
from a number of underlying pathologies, with acute MI being the most fre- 
quent etiology. Early diagnosis and the aggressive institution of circulatory 
support should be followed by ERV when pump failure is due to acute myocar- 
dial infarction or unstable angina. Recent advances in our understanding of 
the pathophysiology of this condition, particularly the contribution of a sys- 
temic inflammatory response in some individuals, may yield novel therapeutic 
approaches. The advent of new and advanced circulatory support systems may 
also help in improving the outcomes of these patients in the future. 
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Chapter 5 



Pathophysiology and management of 
shock due to right heart ischemia 

James A. Goldstein 



Based on early experiments of right ventricular (RV) performance, RV contrac- 
tion was for many years considered unimportant in the circulation. The pro- 
found hemodynamic effects of RV systolic dysfunction were recognized when 
severe RV infarction (RVI) was first described [1-7]. Significant RVI occurs 
in association with acute transmural inferior-posterior left ventricular (LV) 
myocardial infarction (MI); the right coronary artery (RCA) is always the culprit 
vessel [3,5-9]. At necropsy, RVI inscribes a "tripartite" signature consisting of 
necrosis of the LV inferior-posterior wall, septum, and posterior RV free wall 
contiguous with the septum [3]. 

Nearly 50% of patients with acute inferior MI manifest echocardiographic 
evidence of RV ischemic dysfunction, characterized by RV free wall motion 
abnormalities and RV dilatation [5,6]. RVI may be silent, with hemodynamic 
compromise developing in less than 25% of cases, presenting in its most dra- 
matic form as frank shock, with severe right heart failure, clear lungs, and low 
output despite intact global LV systolic function [2,4-7]. 

Clinical presentations and evaluation 

Patients with severe RVI but preserved global LV function may be hemody- 
namically compensated, manifested by elevated jugular venous pressure (JVP) 
but clear lungs, normal systemic arterial pressure, and intact perfusion [5-7]. 
When RVI leads to more severe hemodynamic compromise, cardiogenic shock 
(i.e. systemic hypotension and hypoperfusion despite adequate RV filling pres- 
sures) results. "Isolated" RV failure accounts for 2.8% of cases of cardiogenic 
shock complicating acute MI [10,11]. Patients with inferior MI may initially 
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present without evidence of hemodynamic compromise, but subsequently 
develop hypotension precipitated by preload reduction attributable to nitro- 
glycerin or associated with bradyarrhythmias [7]. When RVI develops in the 
setting of global LV dysfunction, the picture may be dominated by low output 
and pulmonary congestion with right heart failure. 

Noninvasive and hemodynamic evaluation 

Although ST-segment elevation and loss of R wave in the right-sided electro- 
cardiogram (ECG) leads (V 3R and V 4R ) are sensitive indicators of RVI when 
obtained early after infarct onset [5,7], they are not predictive of the magnitude 
of RV dysfunction nor its hemodynamic impact. Echocardiography (echo) is the 
most effective tool for delineation of the presence and severity of RV dilatation 
and depression of global RV performance [7]. Echo also delineates the extent of 
reversed septal curvature, which confirms the presence of significant adverse 
diastolic interactions, the degree of paradoxical septal motion indicative of 
compensatory systolic interactions, and the presence of severe right atrial (RA) 
enlargement which may indicate concomitant ischemic RA dysfunction and /or 
tricuspid regurgitation. 

Although the magnitude of hemodynamic derangements is related to the 
extent of RV free wall contraction abnormalities [5-9], some patients tolerate 
severe RV systolic dysfunction without hemodynamic compromise, whereas 
others develop life-threatening low output, emphasizing that additional fac- 
tors modulate the clinical expression of RVI. Although acute ischemic RV dys- 
function may result in hemodynamic compromise associated with higher in- 
hospital morbidity and mortality [8-12], most patients manifest spontaneous 
early hemodynamic improvement and later recovery of RV function, even in the 
absence of reperfusion of the infarct-related artery [5,8,13,14]. In fact, chronic 
right heart failure attributable to RVI is rare [7]. The term RV "infarction" is, to 
an extent, a misnomer, for in most cases acute RV ischemic dysfunction appears 
to represent viable myocardium. These responses are in marked contrast to the 
effects of ischemia on the left ventricle [15]. 

Differential diagnosis of right ventricular ischemia 

Important clinical entities to consider in patients who present with low-output 
hypotension, clear lungs, and disproportionate right heart failure include car- 
diac tamponade, constrictive pericarditis or restrictive cardiomyopathy, acute 
severe tricuspid regurgitation, severe pulmonary hypertension, acute pul- 
monary embolism, and right heart mass obstruction. The hemodynamic dif- 
ferentiation of these are shown in Table 5.1. The general clinical presentation 
of chest pain with acute inferior MI, together with echocardiographic docu- 
mentation of RV dilatation and dysfunction, effectively exclude tamponade, 
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constriction, and restriction. Echocardiography confirms primary tricuspid 
regurgitation. Severe pulmonary hypertension with RV decompensation may 
mimic severe RVI, but delineation of markedly elevated pulmonary artery 
systolic pressures by Doppler or invasive hemodynamic monitoring excludes 
RVI, in which RV pressure generation is depressed. Acute massive pulmonary 
embolism may also mimic severe RVI and, since the unprepared right ventricle 
cannot acutely generate elevated RV systolic pressures (>50-55 mm Hg), severe 
pulmonary hypertension may be absent. In such cases, absence of inferior LV 
MI by ECG and echo point to embolism, easily confirmed by CT or invasive 
angiography. 

Right ventricular mechanics and oxygen supply-demand 

The right and left ventricles face dramatically different loading conditions and 
therefore differ markedly in their anatomy, mechanics, and metabolism. In 
contrast to the LV, a thick-walled pressure pump, the pyramidal-shaped right 
ventricle with its thin crescentic free wall is designed as a volume pump, ejecting 
into the lower resistance pulmonary circulation. RV systolic pressure and flow 
are generated by RV free wall shortening and contraction toward the septum 
from apex to outflow tract [7,16]. The septum is an integral architectural and 
mechanical component of the RV chamber and, even under physiologic condi- 
tions, LV-septal contraction contributes to RV performance. The right ventricle 
has a more favorable oxygen supply-demand profile than the left ventricle. RV 
oxygen demand is lower owing to lesser myocardial mass, preload, and after- 
load [17,18]. RV perfusion also is more favorable, due to a dual anatomic supply 
system from left coronary branches. The RV free wall is thinner, develops lower 
systolic intramyocardial pressure, and faces less diastolic intracavitary pressure, 
and lower coronary resistance favors acute collateral development to the RCA 
[19-21]. 

Patterns of coronary compromise resulting in right ventricular 
ischemia 

The RCA is the culprit vessel in RV ischemic dysfunction, typically proximal 
occlusion compromising flow to the major RV branches (Figs. 5.1 and 5.2) [6,8,9]. 
In contrast, distal RCA lesions or circumflex culprits that spare RV branch 
perfusion rarely compromise RV performance [9]. There are exceptions in which 
proximal occlusions do not result in RV ischemic dysfunction, attributable in 
most cases to restoration of RV free wall perfusion through prominent collaterals 
or spontaneous antegrade reperfusion. Occasionally, isolated RVI may develop 
from occlusion of a nondominant RCA or compromise of RV branches during 
percutaneous interventions. 
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Fig. 5.1 Angiograms showing successful and unsuccessful reperfusion in patients with 
RV infarction who underwent primary angioplasty. Panel A shows total occlusion of the 
right coronary artery proximal to RV branches (arrow) in a patient before angioplasty, 
and Panel B after angioplasty shows complete reperfusion in the right main coronary 
artery including the major RV branches (arrowheads). Panel C in another patient shows 
complete failure of RCA reperfusion (arrowhead), attributable to refractory dissection 
and thrombus (arrows). Panel D shows partial reperfusion in a third patient, with 
absence of flow in the RV branches, despite successful reperfusion of the right main 
coronary artery and its LV branches. (Reprinted with permission from Bowers TR, 
O'Neill WW, Grines C, et al. N Engl] Med 1998;338:933^0.) 

Effects of right ventricular systolic and diastolic dysfunction 

Proximal RCA occlusion that compromises RV free wall perfusion results in 
RV free wall dyskinesis and depressed global RV performance reflected by a 
sluggish, depressed RV systolic waveform (Figs. 5.2-5.4) [6-8,19,20,22-26]. RV 
systolic dysfunction diminishes transpulmonary delivery of LV preload, leading 
to decreased cardiac output despite intact LV contractility. 

Biventricular diastolic dysfunction contributes to hemodynamic compromise 
[6,7,19,20,22-27]. The ischemic RV is noncompliant, which impedes inflow 
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Fig. 5.2 Echocardiographic images from a patient with acute inferior MI and RV 
ischemia undergoing successful angioplasty. End diastolic and end systolic images 
obtained at base line show severe RV dilatation with reduced LV diastolic size. At end 
systole, there was RV free wall dyskinesis (arrows), intact LV function, and 
compensatory paradoxical septal motion. One hour after angioplasty, there was striking 
recovery of RV free wall contraction (arrows), resulting in marked improvement in 
global RV performance and markedly reduced RV size and increased LV preload. At day 
1, there was further improvement in RV function (arrows), which at 1 month was 
normal. Abbreviations: RV, right ventricle; LV, left ventricle. (Reprinted with permission 
from Bowers TR, O'Neill WW, Grines C, et al. N Engl ] Med 1998;338:933^0.) 

leading to rapid elevation of diastolic pressure. Acute RV dilatation and ele- 
vated diastolic pressure shift the interventricular septum toward the volume- 
deprived left ventricle, further impairing LV compliance and filling. Abrupt 
RV dilatation within the noncompliant pericardium elevates intrapericardial 
pressure, further impairing RV and LV compliance and filling. These effects 
contribute to the pattern of equalized diastolic pressures and the RV "dip-and- 
plateau" characteristic of RVI [4,6,22-26]. 

Determinants of right ventricular performance in severe right 
ventricular ischemia: importance of systolic ventricular 
interactions 

Despite the absence of RV free wall motion, an active albeit depressed RV 
systolic waveform is generated by systolic interactions mediated by primary 
septal contraction and mechanical displacement of the septum into the RV cav- 
ity associated with paradoxical septal motion (Fig. 5.2) [6,7,19,20,22-26]. In the 
LV, acute ischemia results in regional dyskinesis; such dysynergic segments 
are stretched in early isovolumic systole by neighboring contracting segments 
through regional intraventricular interactions that dissipate the functional work 
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Fig. 5.3 Hemodynamic recordings from a patient with RA pressure W pattern, timed to 
ECG (A) and RV pressures (B, C). Peaks of W are formed by prominent A waves with 
associated sharp X systolic descent, followed by a comparatively blunted Y descent. 
Peak RVSP is depressed, RV relaxation is prolonged, and there is a dip and rapid rise in 
RV diastolic pressure. (Reprinted with permission from Goldstein JA, Barzilai B, 
Rosamond TL, et al. Circulation 1990;82:359-68.) 



of these neighboring regions [28]. The ischemic dyskinetic RV free wall behaves 
similarly and must be stretched to the maximal extent of its systolic length- 
ening through interventricular interactions before providing a stable buttress 
upon which actively contracting segments can generate effective stroke work, 
thereby imposing a mechanical disadvantage that reduces contributions to car- 
diac performance [19,20,25,27]. The compensatory contributions of LV-septal 
contraction are emphasized by the deleterious effects of LV-septal dysfunction 
which exacerbates the hemodynamic compromise associated with RVI [26]. In 
contrast, inotropic stimulation enhances LV-septal contraction and thereby aug- 
ments RV performance through augmented compensatory systolic interactions. 
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Fig. 5.4 RA M pressure pattern timed to electrocardiogram (A) and RV pressure (B). M 
pattern comprises a depressed A wave, X descent before a small C wave, a prominent X 
descent, a small V wave, and a blunted Y descent. Peak RV systolic pressure (RVSP) is 
depressed and bifid (arrow) with delayed relaxation and an elevated end-diastolic 
pressure (EDP). (All pressures are measured in mm Hg). (Reprinted with permission 
from Goldstein JA, Barzilai B, Rosamond TL, et al. Circulation 1990;82:359-68.) 

Compensatory role of augmented right atrial contraction 

The hemodynamic benefits of augmented atrial contraction to performance of 
the ischemic LV are well documented [29]. Similarly, augmented RA booster 
pump transport is an important compensatory mechanism that optimizes RV 
performance and cardiac output [24,26]. When RVI develops from occlusions 
compromising RV but sparing RA branches, RV diastolic dysfunction imposes 
increased preload and afterload on the right atrium, resulting in enhanced RA 
contractility that augments RV filling and performance. This is reflected in the 
RA waveform as a " W" pattern characterized by a rapid upstroke and increased 
peak A wave amplitude, sharp X descent reflecting enhanced atrial relaxation, 
and blunted Y descent owing to pandiastolic RV dysfunction (Fig. 5.3). Con- 
versely, more proximal RCA occlusions compromising atrial as well as RV 
branches result in ischemic depression of atrial function, which compromises 
RV performance and cardiac output [6,24,26]. RA ischemia manifests hemody- 
namically as more severely elevated mean RA pressure and inscribes an "M" 
pattern in the RA waveform characterized by depressed A wave and X descent, 
as well as blunted Y descent (Fig. 5.4). 

Ischemic atrial involvement is not rare, with autopsy studies documenting 
atrial infarction in up to 20% of cases of ventricular infarction, with RA involve- 
ment five times more common than left [6,7,30,31]. Under conditions of acute 
RV dysfunction, loss of augmented RA transport due to ischemic depression 
of atrial contractility or AV dyssynchrony precipitates more severe hemody- 
namic compromise [24,32]. RA dysfunction decreases RV filling, which impairs 
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global RV systolic performance, thereby resulting in further decrements in LV 
preload and cardiac output [19,20,25,26]. Impaired RA contraction diminishes 
atrial relaxation; thus, RA ischemia impedes venous return and right heart fill- 
ing owing to loss of atrial suction associated with atrial relaxation during the X 
descent [7,24-26,33]. 

Rhythm disorders and reflexes associated with right ventricular 
ischemia 

High-grade atrioventricular (AV) block and bradycardia-hypotension without 
AV block commonly complicate inferior MI and have been attributed pre- 
dominantly to the effects of AV nodal ischemia and cardioinhibitory (Bezold- 
Jarisch) reflexes arising from stimulation of vagal afferents in the ischemic 
LV inferoposterior wall [34-38]. Patients with acute RVI are at increased risk 
for both high-grade AV block and bradycardia-hypotension without AV block 
[8,12,38-40]. Recent findings have documented that, during acute coronary 
occlusion, bradycardia-hypotension and AV block are far more common in 
patients with proximal RCA lesions (Fig. 5.5), inducing RV and LV inferior- 
posterior ischemia, compared with more distal occlusions compromising LV 
perfusion but sparing the RV branches [39]. These observations suggest that the 
ischemic right heart may elicit cardioinhibitory-vasodilator reflexes. In patients 
with inferior MI, similar bradycardic-hypotensive reflexes may be elicited dur- 
ing reperfusion (Fig. 5.6), and they also appear to be more common with 
proximal versus distal RCA lesions [39]. Following successful thrombolysis 
or primary angioplasty of the acutely occluded RCA, transient but profound 
bradycardia-hypotension may develop paradoxically in a patient whose rhythm 
and blood pressure were stable during occlusion [39,40]. 

Patients with RVI are prone to in-hospital ventricular tachyarrhythmias 
[8,12,41], which should not be unexpected given that the ischemic RV is often 
massively dilated. Autonomic denervation in the peri-infarct area may also 
play a role [41]. Supraventricular tachycardias including atrial fibrillation also 
may develop, attributable to atrial ischemia /infarction, distension, and elevated 
atrial pressures. 

Natural history of right ventricular ischemic dysfunction 

In marked contrast to the effects of coronary occlusion on segmental and global 
LV function, the natural history of RV performance following RVI is quite favor- 
able. Although RVI may result in profound acute hemodynamic effects, arrhyth- 
mias, and higher in-hospital mortality, many patients improve spontaneously 
within 3 to 10 days regardless of the patency status of the infarct-related artery 
[5,13]. Within 3 to 12 months, global RV performance typically recovers [13,14]. 
Chronic unilateral right heart failure secondary to RVI is rare [14]. 
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Fig. 5.5 Patient with proximal RCA occlusion (arrow) complicated by third-degree AV 
block. (Reprinted with permission from Goldstein JA, Lee DT, Pica MC, et al. Coron 
Artery Dis 2005;16:265-74.) 

Observations from experimental animal studies confirm spontaneous recov- 
ery of RV function despite chronic RCA occlusion attributable to the more 
favorable oxygen supply-demand characteristics of the RV in general and the 
beneficial effects of collaterals in particular [19,20]. Similarly, in patients with 
chronic proximal RCA occlusion, RV function is typically maintained at rest and 
augments appropriately during stress [14]. This dramatic spontaneous recovery 
of RV function and trivial infarction contrast sharply with the response of the 
left ventricle to equivalent ischemic insults [42,43]. The relative resistance of the 
RV free wall to infarction is undoubtedly attributable to more favorable oxygen 
supply-demand characteristics [7]. Pre-infarction angina appears to reduce the 
risk of developing RVI, possibly due to preconditioning [43]. 
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Fig. 5.6 Patient with proximal RCA (left panel, arrow) compromising the RV branches 
(right panel, solid arrow) as well as the LV and AV nodal branches (right panel, open 
arrow), who developed profound reperfusion-induced bradycardia-hypotension. 
During occlusion, there was sinus rhythm with normal blood pressure (left panel, 
second and third rows, respectively). Reperfusion by primary percutaneous 
transluminal coronary angioplasty resulted in abrupt but transient sinus bradycardia 
with profound hypotension (right panel, second and third rows, respectively). 
Abbreviation: PCI, percutaneous coronary intervention. (Reprinted with permission 
from Goldstein JA, Lee DT, Pica MC, et al. Coron Artery Dis 2005;16:265-74.) 
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Mechanical complications associated with right ventricular 
ischemia 

Patients with acute RVI may suffer additional mechanical complications 
that may compound hemodynamic compromise and confound the clinical- 
hemodynamic picture. Ventricular septal rupture is a particularly disastrous 
complication, adding substantial overload stress to the ischemically dysfunc- 
tional right ventricle, precipitating pulmonary edema, elevating pulmonary 
pressures and resistance, and exacerbating low output [44]. Surgical repair is 
imperative but may be technically difficult owing to extensive necrosis involv- 
ing the LV inferior-posterior free wall, septum, and apex. RV dysfunction 
increases the surgical mortality rate. 

Severe right heart dilatation and diastolic pressure elevation associated with 
RVI may stretch open a patent foramen ovale, precipitating acute right-to-left 
shunting manifest as systemic hypoxemia or paradoxic emboli. Although most 
resolve as right heart pressures diminish with recovery of RV performance, some 
may require closure [45]. Severe tricuspid regurgitation may also complicate 
RVI, developing as a result of primary papillary muscle ischemic dysfunction 
or rupture as well as secondary functional regurgitation attributable to severe 
RV and tricuspid valve annular dilatation [46]. 

Therapy 

Therapeutic options for management of right heart ischemia (Table 5.2) follow 
directly from the pathophysiology. Treatment modalities include: (1) restoration 
of physiologic rhythm; (2) optimization of ventricular preload; (3) optimization 
of oxygen supply and demand; (4) parenteral inotropic support for persistent 
hemodynamic compromise; (5) reperfusion; and (6) mechanical support with 
intra-aortic balloon counterpulsation and RV assist devices. 

Optimization of rhythm 

Patients with RVI are particularly prone to the adverse effects of bradyarrhyth- 
mias. The depressed ischemic right ventricle has a relatively fixed stroke vol- 
ume, as does the preload-deprived left ventricle [7,19,20,39]. Therefore, biven- 
tricular output is exquisitely heart rate-dependent, and bradycardia even in the 
absence of AV dyssynchrony may be deleterious to patients with RVI. For similar 
reasons, chronotropic competence is critical. However, not only are such patients 
notoriously prone to reflex-mediated frank bradycardia, but they often manifest 
a relative inability to increase sinus rate in response to low output, owing to 
excess vagal tone, ischemia, or pharmacologic agents. Given that the ischemic 
right ventricle is dependent on atrial transport, the loss of RA contraction due to 
AV dyssynchrony further exacerbates difficulties with RV filling and contributes 
to hemodynamic compromise [7,24,32]. Although atropine may restore physio- 
logic rhythm in some patients, temporary pacing is often required. Ventricular 
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Table 5.2 RV infarction: ACC/AHA guidelines for the management of patients with 
ST-elevation MI, executive summary. 

Class I 

1. Patients with inferior STEMI and hemodynamic compromise should be assessed 
with a precordial V4R lead to detect ST-segment elevation and an echocardiogram 
to screen for RV infarction (Level of evidence B). 



2. The following principles of apply to therapy of patients with STEMI and RV 
infarction and ischemic dysfunction: 

a. Early reperfusion should be achieved if possible (Level of evidence C). 

b. AV synchrony should be achieved, and bradycardia should be corrected (Level 
of evidence C). 

c. RV preload should be optimized, which usually requires initial volume 
challenge in patients with hemodynamic instability provided the jugular venous 
pressure is normal or low (Level of evidence C). 

d. RV afterload should be optimized, which usually requires therapy for 
concomitant LV dysfunction (Level of evidence C). 

e. Inotropic therapy should be used for hemodynamic instability not responsive 
to volume challenge (Level of evidence C). 

Class Ha 

1. After infarction that leads to clinically significant RV dysfunction, it is reasonable 
to delay CABG surgery for 4 weeks to allow recovery of contractile performance 
(Level of evidence C). 

Reprinted with permission from Antman EM, Anbe DT, Armstrong PW, et al. / Am 
Coll Cardiol 2004:44:671-719. 



pacing alone may suffice, especially if the bradyarrhythmias are intermittent, 
but some patients require temporary AV sequential pacing. 

Optimization of ventricular preload 

In patients with RVI, the dilated, noncompliant right ventricle is exquisitely 
preload-dependent, as is the left ventricle, which is stiff but preload-deprived. 
Therefore, any factor that reduces ventricular preload tends to be detrimental. 
Accordingly, vasodilators and diuretics are contraindicated. Although experi- 
mental animal studies of RVI demonstrate hemodynamic benefit from volume 
loading [21], clinical studies have reported variable responses to volume chal- 
lenge [2,5,6,47-49]. These conflicting results may reflect a spectrum of initial 
volume status in patients with acute RVI, with those patients who are relatively 
volume-depleted benefiting, and those who are more replete manifesting a flat 
or negative response of cardiac output to fluid administration. Nevertheless, 
an initial volume challenge is appropriate for patients manifesting low output 
without pulmonary congestion if the estimated central venous pressure is less 
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than 15 mm Hg. For those unresponsive to an initial trial of fluids, determina- 
tion of filling pressures and subsequent hemodynamically monitored volume 
challenge may be appropriate, combined with inotropic therapy for those with 
adequate filling pressures. The optimal filling pressure is typically 10-15 mm 
Hg, but varies among patients and should be empirically determined. Cau- 
tion should be exercised to avoid excessive volume administration beyond 
that documented to augment output, since cardiac output may fall with RV 
overdistention. The mechanisms include: impaired LV filling, which results 
from excessive RV dilatation and ventricular interdependence, and/or reduced 
contractility based on the right ventricle operating on the "descending limb" of 
the Starling curve. Perhaps reflecting the adverse effect of volume overloading, 
the mean RA pressure was 25 mm Hg in patients with "isolated" RV shock in the 
SHOCK registry [11]. Abnormalities of volume retention and impaired diuresis 
may be related in part to impaired responses of atrial natriuretic factor [50]. 

Anti-ischemic therapy 

Treatment of RVI should focus on optimizing oxygen supply and demand to 
optimize recovery of both RV function and LV function. However, most anti- 
ischemic agents exert hemodynamic effects that may be deleterious in patients 
with RVI. Beta blockers and some calcium-channel blockers may reduce heart 
rate and depress conduction, thereby increasing the risk of bradyarrhythmias 
and heart block in these chronotropically dependent patients. The vasodilator 
properties of nitrates and calcium-channel blockers may precipitate hypoten- 
sion. In general, these drugs should be avoided in patients with RVI. 

Reperfusion therapy 

Effects of reperfusion on ischemic right ventricular dysfunction 

Although RV function may recover despite persistent RCA occlusion, acute RV 
ischemia contributes to early morbidity and mortality [6,12] . Furthermore, spon- 
taneous recovery of RV contractile function and hemodynamics may be slow. 
The beneficial effects of successful reperfusion in patients with predominant LV 
infarction are well documented [51,52]. Observations in experimental animals 
[20] and in humans [8,53] demonstrate the beneficial effects of reperfusion on 
recovery of RV performance. In patients, successful mechanical reperfusion of 
the RCA, including the major RV branches, leads to immediate improvement in 
and later complete recovery of RV free wall function and global RV performance 
(Figs. 5.1, 5.2, and 5.7). Such reperfusion-mediated recovery of RV performance 
is associated with excellent clinical outcomes. In contrast, failure to restore flow 
to the major RV branches is associated with a lack of recovery of RV performance 
and refractory hemodynamic compromise leading to high in-hospital mortal- 
ity, even if flow was restored in the main RCA (Fig. 5.1). Successful mechanical 
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Fig. 5.7 Mean (±SD) changes over time in the score for RV free wall motion in patients 
with successful reperfusion and those with unsuccessful reperfusion. An asterisk 
denotes P < 0.01 for the comparison with the most recent score in the same group. A 
dagger denotes P < 0.02 for the comparison between groups at one point in time. 
(Reprinted with permission from Bowers TR, O'Neill WW, Grines C, et al. N Engl J Med 
1998;338:933-40.) 

reperfusion has also led to superior late survival of patients with shock due to 
predominant RVI versus those with LV shock [10,54]. 

Although evidence suggests that patients with inferior MI benefit from timely 
thrombolytic reperfusion, the specific short- and long-term responses of those 
with RVI have not been adequately evaluated. Some thrombolytic studies sug- 
gested that RV function improves only in patients in whom RCA patency is 
achieved [55-58], whereas others report little benefit [59,60]. Recent prospec- 
tive reports demonstrate that successful thrombolysis imparts survival benefit 
in those with RV involvement and that failure to restore infarct-related artery 
patency is associated with persistent RV dysfunction and increased mortality 
[60]. Unfortunately, patients with RVI appear to be particularly resistant to fib- 
rinolytic recanalization, owing to extensive clot burden in the proximal RCA 
together with impaired coronary delivery of fibrinolytic agents attributable to 
hypotension. There also appears to be a higher incidence of reocclusion follow- 
ing thrombolysis of the RCA. 

It is important to consider RVI in the elderly separately. Early reports sug- 
gested elderly patients with RVI suffer 50% in-hospital mortality and that 
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hemodynamic compromise in such cases is irreversible. However, recent studies 
have documented survival of the majority of elderly RVI patients undergoing 
successful mechanical reperfusion, including those with hemodynamic com- 
promise [53]. 

Inotropic stimulation 

Parenteral inotropic support is usually effective in stabilizing hemodynami- 
cally compromised patients not fully responsive to volume resuscitation and 
restoration of physiologic rhythm [7]. The mechanisms by which inotropic 
stimulation improves low output and hypotension in patients with acute RVI 
have not been well studied. However, experimental animal investigations sug- 
gest that inotropic stimulation enhances RV performance by increasing LV- 
septal contraction, which augments septal-mediated systolic ventricular inter- 
actions [24,26]. Although an inotropic agent such as dobutamine that has the 
least deleterious effects on afterload, oxygen consumption, and arrhythmias 
is the preferred initial drug of choice, patients with severe hypotension may 
require agents with pressor effects (such as dopamine) for prompt restoration of 
adequate coronary perfusion pressure. The "inodilator" agents such as milri- 
none have not been studied in patients with RVI, but their vasodilator properties 
could exacerbate hypotension. 

Mechanical assist devices 

Intra-aortic balloon pumping may be beneficial in patients with RVI and refrac- 
tory low output and hypotension. Although there is little research to shed light 
on the mechanisms by which it exerts salutary effects, balloon assist likely does 
not directly improve RV performance, but rather stabilizes blood pressure and 
thereby improves perfusion pressure throughout the coronary tree in severely 
hypotensive patients. Since RV myocardial blood flow is dependent on perfu- 
sion pressure, balloon pumping may also improve RV perfusion and thereby 
benefit RV function, particularly if the RCA has been recanalized or if there 
is collateral supply to an occluded vessel. Intra-aortic balloon pumping may 
also potentially improve LV performance in patients with hypotension and 
depressed LV function. Since performance of the dysfunctional RV is largely 
dependent on LV septal contraction, RV performance may also benefit. Addi- 
tionally, reduction of elevated pulmonary artery wedge pressure reduces RV 
afterload, which may be accomplished by inhaled nitrous oxide [61]. Recent 
reports suggest percutaneous RV assist devices can improve hemodynamics in 
patients with refractory life-threatening low output, providing the reperfused 
RV with a bridge to recovery [62]. Successful treatment of RV failure by atrial 
septostomy to augment left heart filling [63] should be considered only as a 
desperation intervention when all other measures have failed (see Table 5.2). 
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Summary 

Although right ventricular infarction has been misclassified as benign, when it 
is associated with cardiogenic shock it has a very poor prognosis and requires 
special attention to the therapies that can improve survival. Rapid clinical detec- 
tion with expedited reperfusion with primary PCI is the cornerstone of this 
approach. While right heart catheterization has lately been neglected in the 
diagnostic approach for patients with cardiogenic shock, it is essential for the 
patient with right ventricular involvement. In addition, it allows the clinician 
to follow the very complex hemodynamic picture as it evolves in the patients 
with right ventricular failure. However, caution should be applied during inva- 
sive hemodynamic evaluation as catheter manipulation within the ischemic 
RV may provoke malignant ventricular arrhythmias. The use of this compre- 
hensive approach, that also includes echocardiographic evaluation, can ensure 
better outcomes for the patients with cardiogenic shock with right ventricular 
involvement. 
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Chapter 6 



Ventricular septal rupture 
and tamponade 

Kellan E. Ashley and Venu Menon 



Introduction 

Cardiogenic shock is the most common cause of in-hospital death following an 
acute myocardial infarction (MI). The etiology of shock in this setting is multifac- 
torial; mechanical complications constitute a unique subset. Early recognition of 
the underlying pathology and prompt referral for surgical correction are crucial 
to achieving optimal patient outcome. Due to the complexity of management 
and the need for rapid surgical intervention, these patients should be trans- 
ferred as expeditiously as possible to a surgical center that is well versed in 
their care. This chapter reviews the clinical profile, management, and outcome 
of cardiac rupture, which involves either the interventricular septum or the left 
ventricular (LV) free wall. Other mechanical complications, such as chordae 
rupture or ischemic mitral regurgitation (MR), are covered in Chapter 7. 

Common themes 
Pathogenesis 

The pathogenesis, timing, and impact of reperfusion therapy on the incidence 
of ventricular septal and free wall rupture are similar. The classification of free 
wall rupture (Fig. 6.1) by Becker and van Mantgem [1] appears applicable to 
patients with and without reperfusion therapy. Type I rupture generally occurs 
within 24 hours of an acute infarction and is characterized by a slitlike tear 
through the full-thickness infarcted muscle with abrupt onset of symptoms. 
A ventricular septal rupture (VSR) is classically seen in the area bordering an 
akinetic, infarcted segment and an adjacent hyperdynamic, noninfarcted zone 
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Fig. 6.1 Morphological classification of myocardial rupture. (Reprinted with permission 
from Becker AE, van Mantgem JP. Eur ] Cardiol 1975;3:349-58.) 

(Fig. 6.2). Type II rupture progresses more slowly and is due to erosion of 
the infarct zone before rupture occurs. Consequently, there is some time delay 
between the infarction and the onset of rupture. Type III rupture is correlated 
with even older infarcts and is characterized by severe expansion of the infarct 
zone with marked wall thinning. When rupture occurs, it involves the center of 
the previously aneurysmally dilated segment. 

Incidence 

The quality and nature of reperfusion of the infarct-related artery appears 
closely related to the incidence of rupture. The reported incidence of free wall 
rupture and ventricular septal rupture in the pre-reperfusion era were 6% and 
1-3%, respectively [2,3]. The impact of reperfusion therapy on rupture incidence 
is highlighted in Fig. 6.3. In the GUSTO-I (Global Utilization of Streptokinase 
and TPA for Occluded Coronary Arteries) trial, the rate of VSR was found to 
be much lower (0.2%) [5]. The superior TIMI-3 (Thrombolysis In Myocardial 
Infarction — 3) flow noted with t-PA over streptokinase led to a proposed eti- 
ology of the decreased rate of rupture [6]. In addition, the higher TIMI-3 flow 
rates achieved with angioplasty over t-PA in the PAMI (Primary Angioplasty 
in Myocardial Infarction) registry resulted in a further decline in the incidence 



Fig. 6.2 Full-thickness inferior myocardial infarct with VSR noted (arrow) in the area 
between an akinetic basal septum supplied by the RCA and a hyperkinetic midseptum 
supplied by the LAD. VSR, ventricular septal rupture; RCA, right coronary artery; LAD, 
left anterior descending. 




TIMI - 3 Flow (%) 

Gusto I trial: N Engl J Med 1994; 329:1615-1622 
Pami 1: N Engl J Med 1993; 328:673-9 
Paml2: J Am Coll Cardiol 1997; 29:1459-67 



Fig. 6.3 Inverse relation between effectiveness of reperfusion strategy and incidence of 
observed rupture. (Reprinted with permission from Kimi JW, O'Neill WW, Benzuly KH, 
et al. Cathet Cardiovasc Diagn 1997;42(2):151-7.) 
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Fig. 6.4 Effect of primary angioplasty compared with thrombolysis on the risk of free 
wall rupture according to age, gender, and infarct location. CI, confidence interval; OR, 
odds ratio. (Reprinted with permission from Moreno R, Lopez-Sendon J, Garcia E, et al. / 
Am Coll Cardiol 2002;39(4):598-603.) 



of this complication [4]. As a result, the incidence of rupture can be expected 
to decline with the adoption of a primary angioplasty strategy. Moreno and 
colleagues evaluated 1375 patients admitted to the coronary care unit within 
12 hours of an ST-segment elevation MI; 762 (55%) were treated with primary 
angioplasty and 613 (45%) with fibrinolytic therapy [7]. Although patients 
undergoing primary angioplasty were older, had worse Killip classification, 
experienced longer time from the onset of symptoms, and were more often 
female with hypertension, diabetes, and anterior location of the MI, the observed 
rate of free wall rupture was 3.3% with fibrinolysis compared to 1.8% with 
angioplasty (OR 0.46, 95% CI 0.22-0.96; p = 0.037) (Fig. 6.4). 

Timing of rupture 

VSR is often mistakenly referred to as a late first-week complication following 
MI. Although mean times were noted to be 5-7 days after MI, rupture usually 
occurs in a bimodal distribution based on the type of rupture [1], with peaks 
on the first day and later that week. There is a shift in the timing from late to 
early rupture in fibrinolytic-treated patients [1,8]. Among fibrinolytic-treated 
patients in the GUSTO-I trial [5], the median time to diagnosis of VSR was 1 
day. Similarly, in the SHOCK (SHould we emergently revascularize Occluded 
Coronaries in cardiogenic shocK?) trial [9], the median time to VSR was even 
shorter, occurring at 16 hours in the setting of suspected cardiogenic shock. A 
number of other factors appear to have contributed to this observation. Orig- 
inal surgical series may have been prone to survival bias. Consequently, only 
patients surviving the early phase and selected for surgery were accounted 
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for in the analysis. With the advent of pulmonary artery catheterization in the 
1970s and color Doppler echocardiography in the 1980s, early clinical diagnosis 
of VSR was enhanced. Of utmost importance, the myocardial hemorrhage and 
edema that accompany fibrinolytic reperfusion appear to have accelerated the 
onset of rupture in a vulnerable subset of patients. As a result, a new, distinct, 
early risk period for VSR has become apparent. The lack of mortality benefit 
(early hazard) noted at 24 hours for fibrinolytic therapy over placebo-treated 
patients is largely attributed to rupture. 

Vulnerable population 

A number of clinical series have identified patient subsets at increased risk for 
mechanical complications post-MI. The elderly, hypertensive female appears 
most vulnerable to this complication. Rupture is commonly noted in the setting 
of a first transmural MI with a persistently occluded infarct-related artery or in 
the setting of late fibrinolytic reperfusion. A majority of patients with VSR have 
been shown to have either single- or double-vessel coronary artery disease, 
with total occlusion of the infarct-related artery [5,9]. A lack of collateral flow 
on angiography is a common feature, and the performance of primary percu- 
taneous coronary intervention (PCI) is noted to reduce the risk of rupture. The 
multivariable predictors of VSR following fibrinolytic therapy are illustrated in 
Fig. 6.5, with age, anterior infarct location, female gender, and smoking status 
being the most significant variables [5]. 



Time from symptoms to 1x 
Diastolic BP 
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Prior smoking 
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Prior infarction 
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Infarct location 
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Fig. 6.5 Relative importance of multivariable enrollment predictors of VSR in GUSTO-I. 
All factors from age to prior infarction have corresponding P < 0.05. BP, blood pressure; 
tx, treatment, VSR, ventricular septal rupture; GUSTO-I, Global Utilization of 
Streptokinase and TPA for Occluded Coronary Arteries. (Reprinted with permission 
from Crenshaw BS, Granger CB, Bimbaum Y, et al. Circulation 2000;101(l):27-32.) 
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Ventricular septal rupture 
Classification 

Morphology 

Based on morphologic characteristics, VSR can be classified as simple or com- 
plex. With a simple rupture, there is a through-and-through defect, with the 
perforation occurring at the same level on the left and right ventricular (RV) 
sides. In contrast, complex ruptures can have multiple irregular tracts in various 
directions through the ventricular septum, formed as a result of the extensive 
necrosis and hemorrhage of the myocardium [2]. These tracts can cover exten- 
sive areas and reach sites distant to the infarcted myocardium. Consequently, 
complex ruptures are more likely to involve surrounding structures, such as 
papillary muscles or the right ventricle [10]. Complex ruptures are seen more 
often with inferior infarcts; they more often result in the need for difficult sur- 
gical repair with worsened surgical outcome. 

Location 

VSR occurs with both anterior and inferior MI. Anterior VSR is more common 
and occurs in the setting of infarction in the left anterior descending (LAD) 
coronary artery territory. The location of the VSR is usually the apical septum, 
with communication between the two ventricular chambers. Inferior VSRs are 
usually complex and involve the basal inferoposterior septum; RV involvement 
is common [2]. The culprit vessel is usually the right coronary artery (RCA), but 
a dominant circumflex involvement has also been seen. 

Hemodynamic stability 

It is important to differentiate patients with VSR and cardiogenic shock from 
patients with stable hemodynamics. Although expeditious surgical correction 
is advocated for all patients, clinical outcomes among patients with cardiogenic 
shock remain dismal, even in experienced surgical centers. In contrast, relatively 
favorable results can be obtained in the hemodynamically stable patient. 

Hemodynamics (Table 6.1) 

VSR results in an acute left-to-right shunt. The severity of the shunt depends 
on the size of the defect as well as the relative pulmonary and systemic vascular 
resistances. The size of the rupture may range from small (a few millimeters) 
to large (several centimeters). As a result, pulmonary blood flow is increased 
by the amount of the shunted blood, which eventually leads to secondary vol- 
ume overload of the left atrium and left ventricle [2]. Shunting of blood from 
left to right decreases the effective cardiac output and may result in systemic 
hypotension and hypoperfusion. Ensuing systemic vasoconstriction results in 
an increase in the amount of shunted blood through the septum, and a vicious 
spiral ensues. This process may ultimately progress to LV failure and refractory 
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hypotension, leading to shock [2] . Not all patients who suffer VSR post-MI expe- 
rience shock, as small defects may be well compensated, at least temporarily. 
Expansion and extension of the septal perforation, with accompanying hemo- 
dynamic collapse, is often sudden and unpredictable. As a result, a strategy of 
watchful medical stabilization and deferred surgery cannot be advocated. In 
the SHOCK trial registry [8], VSR was the primary cause of cardiogenic shock 
in 3.9% of patients, third in incidence behind predominant LV dysfunction and 
severe MR. 

Diagnosis of ventricular septal rupture 

Overall approach 

The diagnosis of VSR, and mechanical complications in general, is dependent on 
strong clinical suspicion. It is crucial for the clinician to determine the etiology 
of hemodynamic instability in each individual case. Hemodynamic collapse 
disproportionate to the degree of myocardium at risk should warrant immediate 
reevaluation. A detailed clinical examination and review of laboratory and 
therapeutic data is warranted. A comprehensive emergency echocardiogram 
greatly aids in this approach. An echo gives the clinician immediate insight 
into the status of overall LV function, contractility in the remote myocardium, 
involvement of the right ventricle, and valvular competence. The presence of 
significant eccentric mitral regurgitation (MR) or aortic insufficiency (AI) should 
prompt a transesophageal echocardiogram (TEE) to rule out a flail leaflet or a 
dissection flap in the aortic root when suspected. The presence of a VSR, free 
wall rupture, or tamponade can be easily excluded by this approach. 

Presentation and physical examination 

Patients who suffer VSR may present with symptoms of chest pain and short- 
ness of breath due to acute pulmonary edema and cardiogenic shock. Other 
symptoms related to end-organ hypoperfusion may also be present [2]. On 
examination, there is characteristically a new holosystolic murmur that is harsh 
and loud, located at the left sternal border, with radiation to the base and right 
parasternal area. There is an associated thrill in 50% of patients [10]. In the set- 
ting of a large defect, with acute elevation in pulmonary pressures or with low 
cardiac output and shock, there may be no thrill and the murmur may be diffi- 
cult to auscultate. Mechanical ventilation and intra-aortic balloon pump (IABP) 
support may further hinder auscultation. Other physical examination findings 
can include an S3 gallop, an accentuated pulmonic component of S2, and the 
murmur of tricuspid regurgitation. It can be difficult to differentiate the murmur 
of VSR from the murmur of severe MR due to papillary muscle rupture. Gen- 
erally, the murmur of VSR is louder and more often associated with a palpable 
thrill. Also, VSR is more likely to be accompanied by signs of RV failure and less 
likely to be associated with pulmonary edema than papillary muscle rupture 
[2]. Physical examination is not sufficient to confirm the diagnosis of VSR. 
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EKG, chest x-ray, pulmonary artery catheterization 

Electrocardiograms (ECG) are nonspecific and may show evidence of ante- 
rior or inferior MI. Chest x-ray is equally nonspecific, potentially showing evi- 
dence of cardiomegaly pulmonary vascular congestion, or pleural effusions 
[11]. Although the use of pulmonary arterial catheterization in the cardiac care 
unit has dramatically decreased over time [12], it is helpful in the diagnosis and 
acute management of patients with VSR. The catheter can be used to obtain 
blood for oximetry from the right atrium, right ventricle, and pulmonary artery. 
In VSR, the characteristic step-up in oxygen saturation between the right atrium 
and right ventricle is diagnostic [10]. Pulmonary artery catheters also allow 
quantification of the shunt by comparison of the ratio of pulmonary to systemic 
blood flow, estimated from oxygen saturations obtained from the right atrium 
(mixed venous saturation), pulmonary artery, and any other peripheral artery 
(aortic saturation) [11]. The equation for calculation of the ratio of pulmonary 
to systemic flow, or shunt fraction (Q p / Q s ), is shown: 

Qp/Qs = [0 2 sat art - 0 2 sat mv ]/[0 2 sat pv - 0 2 sat pa ] 
where Q p is pulmonary blood flow, Q s is systemic blood flow, 0 2 sat art is periph- 
eral arterial oxygen saturation, 0 2 sat mv is mixed venous oxygen saturation, 
0 2 satp„ is pulmonary vein oxygen saturation, and 0 2 sat pa is pulmonary arte- 
rial oxygen saturation. If the pulmonary vein oxygen saturation is not measured, 
it can be assumed to be 95%. 

Echocardiography 

Two-dimensional echocardiography is the initial diagnostic method of choice 
and will confirm the presence of VSR in the majority of cases. Echocardio- 
graphy allows direct visualization and definition of the site and size of the 
defect. The defect entry site on the LV aspect usually appears as an abrupt 
break in the septum, surrounded by a large area of akinesis. Color Doppler 
confirms the left-to-right shunt, and the defect size correlates closely with find- 
ings noted at surgery/ autopsy. Unconventional views superimposed with color 
flow Doppler are usually required to identify the RV exit site. Echo also provides 
an estimation of LV and RV function, estimation of RV systolic pressure, and 
quantification of the left-to-right shunt [2]. If there are poor acoustic windows 
with transthoracic echocardiography, TEE can be employed to improve diag- 
nostic accuracy. With three-dimensional echocardiography, the location, shape, 
and size of the septal defect can be delineated enface from both the LV and 
RV aspects. 

Left ventriculography 

An unsuspected VSR may be diagnosed in the setting of ventriculogra- 
phy performed during routine angiography or following percutaneous inter- 
vention. Caution should be used before employing this modality in the 
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Fig. 6.6 Left anterior oblique ventriculogram with slight cranial angulation in a 
79-year-old woman with history of postbypass myocardial infarction (MI) complicated 
by ventricular septal rupture. The arrow highlights the large defect in the 
interventricular septum. 

hemodynamically unstable patient, as it can acutely precipitate respiratory dis- 
tress, pulmonary edema, and a need for mechanical ventilation [10]. If the 
ventriculogram is performed, ideally it should be filmed in the 60-degree left 
anterior oblique (LAO) projection with 15-20 degrees of cranial angulation, in 
order to better visualize the length of the interventricular septum and location 
of the defect (see Fig. 6.6) [13]. The patient should also inspire deeply prior to 
the cine run, as this minimizes diaphragmatic interference. However, in most 
situations, the standard 30-degree right anterior oblique (RAO) ventriculogram 
is done following coronary angiography. The LAO ventriculogram is generally 
not performed (unless the catheterization laboratory has biplane capabilities) 
in order to minimize contrast exposure, unless there is suspicion for VSR or 
need to visualize the septum and lateral walls. VSR can be diagnosed from the 
RAO ventriculogram, but it is somewhat more challenging. Figure 6.7 shows the 
slightly increased difficulty of visualizing the VSR from the RAO projection of 
the same patient as is shown in Fig. 6.6. Fortunately, in this example, the defect 
is large and easily visualized in the RAO projection. However, with smaller 
defects, it can be somewhat more difficult. Particular attention should be given 



Fig. 6.7 Right anterior oblique ventriculogram in the same patient described in Fig. 6.6. 
In this projection, the ventricular septal rupture can be harder to visualize. The defect in 
this example is large and indicated by the arrow. Faint filling of the right ventricle with 
contrast is noted. 

to the inferomedial aspect of the RAO projection to look for faint filling of the 
right ventricle when performing ventriculography. 

Other imaging modalities 

Both cardiac magnetic resonance imaging (MRI) and multidetector computed 
tomography (MDCT) are useful in making or confirming the diagnosis of VSR. 
However, these imaging modalities are generally limited to the hemodynami- 
cally stable patient. Therefore, these modalities are not helpful in the evaluation 
of the unstable patient in cardiogenic shock. 

Treatment 

The key to successful therapy is rapid diagnosis, aggressive medical stabiliza- 
tion, and early surgical intervention. 

Medical therapy 

Medical therapy consists of interventions to reverse the acute hemodynamic 
instability. Adequate oxygenation and ventilation should be ensured with face 
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mask oxygen, noninvasive positive pressure ventilation, or intubation with 
mechanical ventilation [2] (see Chapter 3). Invasive monitoring with an arterial 
pressure line and a pulmonary artery catheter is useful in the acute management, 
as it allows continuous hemodynamic assessment. In the absence of significant 
hypotension and ready availability of an IABP, vasodilator therapy may be initi- 
ated in order to reduce systemic vascular resistance and, thus, the degree of the 
shunt. This is effectively achieved with a sodium nitroprusside infusion, which 
can be easily titrated intravenously [14]. In addition to reducing the degree of 
the shunt, nitroprusside improves effective cardiac output, enabling adequate 
blood flow to prevent vital end-organ dysfunction. Although vasopressors will 
increase the amount of left-to-right shunt, therapy should be initiated in the 
setting of refractory hypotension. 

IABP placement should be strongly considered in all patients with VSR 
and is recommended by the current ACC/AHA guidelines [15]. The IABP 
improves hemodynamics by decreasing LV afterload. This increases systemic 
output and decreases the left-to-right shunt across the ventricular septum. 
This is medically stabilizing and should not delay definitive surgical ther- 
apy. Thiele and colleagues report on the impact of IABP in 23 patients with 
acute VSR. The use of IABP increased cardiac index, decreased left-to-right 
shunt, improved metabolic acidosis, and reduced lactate levels [16]. Patients 
should be transferred to an experienced surgical center promptly following 
diagnosis. 

If the VSR is small, the patient may be relatively asymptomatic. Even in this 
scenario, medical therapy is only supportive, as most patients tend to deteri- 
orate suddenly. The mortality rate in patients treated medically is 24% in the 
first 24 hours, 46% at 7 days, and 67-82% at 2 months [2]. In the absence of 
significant comorbidities, all patients should be offered definitive therapy with 
surgical intervention. In a single-center experience, long-term follow-up was 
reported on seven medically treated subjects who refused to undergo surgery 
for post-MI VSR. Most of these patients (six out of seven) had small anterior 
VSR (9.8 ± 2.8 mm) with Q p /Q s 1.98 ± 0.55, and a mean pulmonary artery 
pressure of 28 ± 10.6 mm Hg in the setting of single-vessel disease [17]. Two 
patients were lost to follow-up after 6 months; both of them were in New York 
Heart Association (NYHA) class II heart failure at their last visit. One patient 
had sudden cardiac death after 4 years of follow-up, and prior to that point 
he had been in NYHA class II heart failure. The remaining four patients had 
been stable in NYHA class II heart failure managed medically over a mean 
follow-up of 3.75 years. The fact that several of these patients could be man- 
aged medically is quite uncommon. Likely contributors to the relative stability 
of these patients were the small defects, normal LV and RV function, and single- 
vessel coronary artery disease. Additionally, these patients were evaluated ini- 
tially at a mean of 2.2 months post-MI, giving this very small case series a 
selection bias. 
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Surgical therapy 

Surgical therapy should be considered for all patients with VSR. The first surgi- 
cal repair was performed by Cooley on April 5, 1956, in a patient with intractable 
heart failure and inferior VSR weeks after initial admission [18]. Unfortunately, 
the patient died 6 weeks later due to VSR recurrence, renal failure, and infec- 
tious complications. Despite significant advances since then, the surgical repair 
of VSR remains a major challenge. There was a long-held belief in the early 
experience with surgical correction of VSR that a waiting period was necessary 
to prepare the myocardium for surgical repair [2], In the first few days to weeks 
post-MI, the myocardial infarct zone was thought to be too friable for repair. 
A waiting policy would let the margins of the rupture become fibrotic, making 
them more amenable to suturing. The risk of this approach was quickly recog- 
nized, and several case series confirmed that early surgical repair was the key to 
improving survival [19-21]. The outcomes of VSR once cardiogenic shock has 
developed remain dismal, as reflected by the 81% mortality rate in the SHOCK 
trial registry [9]. 

The ACC/AHA guidelines advocate urgent surgical repair of VSR with con- 
comitant coronary artery bypass grafting (CABG) [15] . The data on CABG at the 
time of VSR repair have been conflicting, with some case series showing benefit 
[22-24], while others not [25-27]. In the absence of harm, revascularization with 
CABG at the time of surgical VSR repair appears reasonable in most patients. 
Table 6.2 summarizes the outcome of VSR in large published series since 2000, 
with an overall early mortality rate of 30^0%. Most of these series report only 
on the outcome of patients selected for surgical repair. Variable numbers in each 
series were considered to be in cardiogenic shock. As a result, the true mortality 
rate for patients with VSR, especially those in cardiogenic shock, is significantly 
underestimated, as noted by the 94% mortality for medically treated patients in 
the GUSTO-I trial [5]. Despite the increased vulnerability of women to develop 
rupture, they appear underrepresented in most surgical series. 

Long-term follow-up has been reported. In one report [31], the 8-year survival 
rate was about 59%, and in the large Southampton experience, 5- and 10-year 
survival rates were 60% and 31%, respectively [32]. Similar to the findings in 
patients with LV failure in the randomized SHOCK trial [33], most survivors 
were noted to be in NYHA class I/II heart failure on follow-up. 

Surgical outcomes appear closely related to clinical experience. In the Swedish 
Heart Surgery Registry, the mortality rate in large centers (>30 patients during 
study period) was 36%, compared to 54% mortality observed in small centers 
(<15 patients, p — 0.06) [29]. A number of reports have evaluated the predictors 
of poor surgical outcome in this patient population. Old age, the presence of 
cardiogenic shock, and RV involvement appear to be the dominant variables. 
RV dysfunction in the setting of a VSR is multifactorial and may be due to RV 
infarction, LV failure, and RV volume overload. While the volume overload 
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improves with surgery, involvement of the RV in the infarct is an ominous sign. 
In up to 28% of patients, there will be a residual septal defect after surgical 
repair [2]. These residual defects carry a high mortality rate and should be 
repaired if there is heart failure or if the calculated shunt ratio is greater than 2 
[2]. Regardless of the surgical technique employed, the most common cause of 
death in the postoperative setting is LV failure [34]. 

The general approach to surgical repair is summarized below. Intraoperative 
TEE is a useful adjunct. The patient is placed on cardiopulmonary bypass with 
bicaval venous access as well as ascending aorta cannulation. If coronary bypass 
is pursued, it is undertaken first, before the ventricular septum is repaired, in 
order to improve myocardial protection [34]. The usual approach to the VSR 
is via incision through the infarcted area of the left ventricle. Debridement is 
usually required to remove necrotic tissue in order to prevent postoperative 
bleeding or a residual septal defect [2]. If the defect is small and apical, the apex 
of the heart, including the defect, can be amputated and the ventricle repaired 
with horizontal mattress sutures that are reinforced by Teflon strips [11]. If the 
defect is elsewhere, the technique employed is determined by its location. It is 
usually possible to patch the defect with prosthetic material (Dacron prosthetic 
patch, glutaraldehy de-fixed bovine pericardial patch). The perimeter of the 
defect is first covered with pledget, interrupted mattress sutures, and then the 
prosthetic patch is sewn into place [34]. 

An alternative technique may be employed in an attempt to maintain the 
native geometry of the left ventricle and thereby improve postoperative LV 
function. With this technique, the patch is placed in the LV cavity and excludes 
the septal defect as well as the infarcted myocardium from the remainder of the 
LV cavity. With this approach there is no myocardial resection, and no sutures 
are placed in friable, infarcted myocardium [34]. Other techniques such as a 
right atrial incision to repair posterior VSR may also be used in selected patients 
[35]. The mitral valve and papillary muscles should be inspected, regardless of 
surgical approach, in order to determine if repair or replacement of the mitral 
valve should be pursued [2]. 

Percutaneous therapy 

Percutaneous closure with a catheter-based device is the best option for therapy 
in a select group of patients deemed unsuitable for surgical repair. The exact 
role of this procedure as a therapeutic option is currently not defined. These 
devices have been used in various settings — as primary therapy for post-MI 
VSR, as an adjunct for residual defect postsurgical repair, and as a bridge to 
surgical repair in the acutely unstable patient [36]. The procedure is not without 
risk, as there is a chance of enlarging the defect with device passage through 
the septum while it is still necrotic and friable [2]. Also, the location of the 
defect may not be amenable to percutaneous repair. There is risk of damaging 
surrounding structures, especially if the defect is basal and close to the mitral 
or tricuspid valves [2]. 
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Most of the experience with percutaneous closure of VSR is limited to 
case reports. The devices used in these cases include the Rashkind double 
umbrella, the Clamshell double umbrella, the CardioSEAL device, and different 
Amplatzer devices [37]. In one of the larger series [37] of 18 patients, a device was 
successfully deployed in 16. The 30-day mortality rate was 28%, with a longer 
term mortality rate of 41%. The long-term follow-up in this study was less than 
1 year. In another case series (n = 18) [38], with follow-up extended to a median 
of 54 months, similar mortality rates were reported. The limited transcatheter 
closure experience is subject to selection bias, with most of these procedures 
performed more than 2 weeks after the initial MI. Further prospective study 
is required to delineate the exact timing and patient profile that is optimal for 
this approach. 

Left ventricular free wall rupture and tamponade 

LV free wall rupture is a relatively uncommon occurrence, but it accounts for 
approximately 15% of the inhospital mortality from MI [3]. Due to its acute pre- 
sentation and propensity for rapid deterioration, free wall rupture was thought 
to result in virtually certain death from cardiac tamponade. However, if recog- 
nized early in its course and aggressively stabilized, free wall rupture may be 
amenable to surgical repair. This usually occurs in the setting of partial con- 
tainment, when the pericardium seals the defect, with the formation of a pseu- 
doaneurysm (false aneurysm) [10]. In contrast to a true LV aneurysm, whose 
walls consist of infarcted myocardium or scar, the walls of the pseudoaneurysm 
consist entirely of pericardium. 

Hemodynamics 

After rupture of the free wall of the LV, there is rapid accumulation of blood in the 
pericardial space. Unless the defect is sealed by pericardium, electromechanical 
dissociation, cardiovascular collapse, and death rapidly ensue. In the setting 
of containment, the patient may present subacutely with local or generalized 
cardiac tamponade. 

Presentation 

Patients with free wall rupture can present with chest pain that is either anginal 
or pleuritic, as well as nausea, emesis, and restlessness [2]. Instead of the more 
common presentation, which involves hypotension, electromechanical dissoci- 
ation, and rapid deterioration, it is possible to have rupture with a brief period 
of symptoms followed by stabilization. This is usually due to subacute tam- 
ponade, likely because of latent sealing of the defect by the pericardium. This 
subacute presentation has been estimated to occur in up to one-third of patients 
with free wall rupture [10]. On rare occasions, patients remain asymptomatic 
and pseudoaneurysms may be incidentally discovered on routine echocardio- 
graphic follow-up. 
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Diagnosis 

Making the diagnosis requires a high index of suspicion, as some of the signs 
and symptoms can be very nonspecific. Engorged neck veins and the presence 
of a pulsus paradoxus may heighten clinical suspicion. The ECG is variable 
and can show signs of pericarditis, persistent ST-segment elevations, T-wave 
changes, or complete heart block [10]. Transthoracic two-dimensional echocar- 
diography with color flow Doppler imaging is the diagnostic modality of choice. 
The echocardiogram may reveal a pericardial effusion with or without signs 
of tamponade (RA and RV diastolic collapse, respirophasic changes in mitral 
and tricuspid valve inflows), and evidence of a defect by color flow Doppler 
across the free wall of the left ventricle is confirmatory. The lack of a defect 
visualized by echocardiogram does not rule out the diagnosis of free wall rup- 
ture, however. Only 39% of patients in the SHOCK trial registry had evidence 
of a defect on transthoracic echocardiogram [3]. The use of contrast echocardio- 
graphy can heighten diagnostic sensitivity. A pulmonary artery catheter may 
show evidence of tamponade with equalization of the diastolic pressures. Left 
ventriculography is not routinely useful for diagnosis of free wall rupture, as 
patients are generally too unstable to undergo angiography. However, suba- 
cute ruptures or pseudoaneurysms may be identified in the standard 30-degree 
RAO projection of the LV, which allows visualization of the anterior, apical, and 
inferior walls. The 60-degree LAO projection may also be used, which allows 
visualization of the septal, lateral, and posterior walls [13]. The role that newer 
imaging modalities may play in the diagnosis of free wall rupture is still unde- 
fined. Thus far, all information on cardiac MRI and MDCT is in the form of 
case reports. In general, most patients with free wall rupture are too hemody- 
namically unstable to undergo either cardiac MRI or MDCT. However, these 
modalities are becoming increasingly more useful in the evaluation of subacute 
rupture and pseudoaneurysms. 

Treatment 

Rapid diagnosis, aggressive medical stabilization, and emergency surgical 
repair are the keys to a favorable outcome. 

Medical therapy 

Aggressive supportive care is warranted using intravenous fluids or vasopres- 
sors to increase systemic blood pressure. Oxygenation and ventilation should be 
maintained with supplemental oxygen, noninvasive positive airway pressure 
ventilation, or intubation with mechanical ventilation (see Chapter 3). Occa- 
sionally, intra-aortic balloon counterpulsation is used, but it is not as effective in 
this setting as it is for VSR. Pericardiocentesis may be needed in the emergency 
stabilization of the patient to relieve tamponade [10]. Only the amount of fluid 
needed to stabilize the hemodynamics of the patient should be removed with 
pericardiocentesis. The goal is to get the patient to emergency open surgical 



lapter 6 Ventricular septal rupture and tamponade 145 



repair. A pericardial drain may be left in place and clamped for future drainage 
if tamponade recurs before the patient can get to the operating room. 

Surgical therapy 

Oftentimes in acute LV free wall rupture, the decision to go for open surgical 
repair has to be made based on a high index of suspicion, as the diagnostic 
testing is often equivocal or unable to localize the site of rupture [10]. As for 
VSR, the goal with surgical repair is to control the hemorrhage, perform a 
patch repair with the edges anchored into healthy myocardium, and attempt 
to maintain normal LV geometry [39]. The technique used depends on the site 
and nature of the rupture. 

Outcomes 

Data from the SHOCK trial registry [3] showed the inhospital mortality rate 
in patients with free wall rupture and cardiogenic shock due to tamponade to 
be over 60%, which was similar to the mortality rate in the cohort of patients 
without free wall rupture. If patients survived to surgical repair (75%), there was 
a 62% mortality rate, which was worse in women. Overall, the mortality rate in 
the SHOCK trial registry was similar to the mortality rate observed in earlier 
trials. In the large Spanish series reported by Lopez Sendon and colleagues [40], 
1247 patients were prospectively followed after acute MI, with 2.6% (n — 33) 
having free wall rupture. All 33 patients went for surgical repair, with 76% 
(n — 25) surviving the procedure. However, long-term survival was similar to 
that observed in the SHOCK trial registry, with only 48.5% of patients surviving 
long term. 

Conclusion 

Mechanical complications in the setting of an acute MI continue to be associated 
with increased inhospital morbidity and mortality. Heightened clinical suspi- 
cion, prompt medical stabilization, and emergency surgical referral remain the 
keys to improving the outcome in this unique subset of patients. Advances in 
percutaneous therapies may permit definitive treatment for a broader group of 
patients. Adoption of a primary PCI strategy with early and effective reperfu- 
sion of the inf arct-related artery will protect against this disastrous complication. 
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Chapter 7 



Valvular heart disease 
in cardiogenic shock 

Jason N. Katz, John G. Webb, and Michael H. Sketch, Jr. 



Improvements in pharmacotherapeutics, interventional techniques, and health 
care delivery practices have allowed contemporary cardiologists to successfully 
alter the natural history of diseases that were once considered universally fatal. 
As a result, over the past several decades there has been a steady decline in 
the morbidity and mortality related to most cardiovascular maladies [1]. One 
major exception to these epidemiologic trends, however, has been in the care 
of patients with cardiogenic shock. Despite gaining substantial insight into the 
pathophysiology of acute coronary syndromes, nearly three quarters of patients 
who develop cardiogenic shock in the setting of myocardial infarction (MI) do 
not survive to hospital discharge [2]. Consequently, cardiogenic shock remains 
the most common mode of death for those hospitalized with acute MI. 

What we do know about cardiogenic shock comes largely from reports of 
the SHOCK (SHould we emergently revascularize Occluded Coronaries for 
cardiogenic shocK) trial [3,4] and registry [5]. As a result of their influential 
findings, much of the interest in cardiogenic shock has focused predominantly 
on the acutely ischemic patient and the benefits of emergent restoration of 
coronary blood flow. An often overlooked finding from the SHOCK registry, 
however, was the suggestion that a substantial proportion (>8%) of patients 
with cardiogenic shock present with concomitant valvular heart disease [5,6]. 
This valvular pathology is not merely a consequence of infarction and shock, 
but rather is felt to contribute directly to the hemodynamic instability of afflicted 
patients. 

Few studies to date have helped to elucidate the role of valvular heart dis- 
ease in the pathogenesis of cardiogenic shock, although the available literature 
would suggest that not only is valvular disease a relatively common contributor 
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to shock but, if not promptly identified and expeditiously managed, can be asso- 
ciated with catastrophic outcomes [7-12]. This chapter focuses on cardiogenic 
shock as a complication of valvular heart disease. The etiology of valvular dys- 
function, whether a direct consequence of ischemic injury or thrombosis of a 
structurally normal valve or due to exacerbation of chronic valvular disease, 
will be described, and its influence on patient morbidity and mortality clarified. 
Additionally, management strategies for affected individuals will be explored 
in detail. 

Mitral valve disease 
Acute mitral regurgitation 

Acute, severe mitral regurgitation (MR) results in a sudden overload of left atrial 
and left ventricular (LV) volume. In the absence of compensatory LV dilation 
and eccentric hypertrophy, which often accommodates the increased preload 
seen in chronic valvular insufficiency, stroke volume and cardiac output may 
be dramatically reduced. At the same time, the suddenly overloaded left heart 
is unable to handle the regurgitant volume, leading to pulmonary vascular 
congestion, overt pulmonary edema, and even cardiogenic shock. 

Hemodynamically significant acute MR can result from a variety of disorders, 
including infective endocarditis, iatrogenic injury and trauma. Additionally, 
acute ischemic injury during MI can cause the sudden onset of mitral insuffi- 
ciency and concomitant cardiogenic shock. The management of patients with 
acute ischemic MR will be the focus of the remainder of this section. 

Epidemiologic studies have suggested that the prevalence of papillary muscle 
dysfunction and severe, acute MR in patients with MI ranges from 17% to 55% 
[13,14]. Of the 1,160 patients with cardiogenic shock enrolled in the SHOCK 
registry, 7 to 8% presented with acute MR [5,6]. In general, results of small 
case series and autopsy studies indicate that patients presenting with acute MR 
were more commonly female, had predominant involvement of posterior and 
inferior myocardium, tended to have single-vessel obstructive coronary disease 
(most often the right coronary artery followed by the left circumflex artery), and 
often had no prior history of angina or MI [15-20]. 

SHOCK investigators more rigorously evaluated this population of patients 
with acute, severe MR and compared these individuals with a similar cohort of 
patients having predominant LV failure without associated mechanical seque- 
lae [6]. Like previous studies, these investigators found that the population of 
patients with acute ischemic MR tended to have greater female representation 
and greater involvement of inferior and posterior myocardial territories with 
their infarct. It should be noted, however, that still nearly one-third of MR 
patients had evidence of anterior injury by electrocardiography. Additionally, 
patients with MR developed later shock (although most were within the first 24 
hours of MI) than those in the comparative LV failure cohort and had signifi- 
cantly longer delays to potentially life-saving invasive therapies, including left 
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Table 7.1 Acute MI associated cardiogenic shock due to predominant LV failure 
compared to acute severe mitral regurgitation 




Severe MR 


LV Failure 


p-Value 


Baseline Features: 
Female 

Admit by Transfer 


52% 
65% 


37% 
42% 


0.004 
<0.004 


Clinical Findings: 








Anterior MI 


34% 


59% 


<0.001 


Inferior MI 


55% 


44% 


0.039 


Posterior MI 


32% 


17% 


0.002 


ST-elevation at Shock 


41% 


63% 


<0.001 


Time from MI to Shock (hrs)* 


12.8 (2.4,36.3) 


6.2 (1.7,20.1) 


<0.001 


Pulmonary Edema on X-ray 


81% 


58% 


<0.001 


LV Ejection Fraction (%)* 


36.5 (25,48) 


30.0 (20,40) 


<0.001 


Treatments: 








nnofrt aniral \Aanfi1 c\ f i r\v\ 
XVJLCL.1 LCU LJA-CU Vcl LLlluLlUlL 


93% 


75% 


<0.001 


Inotropes 


88% 


71% 


0.002 


Right Heart Catheterization 


85% 


64% 


<0.001 


Intraaortic Balloon Pump 


68% 


52% 


0.003 


Coronary Angiography 


76% 


61% 


0.006 


Angioplasty Attempted 


16% 


33% 


0.001 


Bypass Surgery 


43% 


15% 


<0.001 


Transfusion 


64% 


39% 


<0.001 


In-Hospital Mortality 


55% 


61% 


0.277 


Marked differences in presentation, clinical characteristics, and treatment characterize 
those patients whose cardiogenic shock is associated with mitral regurgitation com- 
pared with those whose shock is associated primarily with left ventricular dysfunction. 
*Median (Q1,Q3). 

Reprinted with permission from Thompson CR, Buller CE, Sleeper LA, et al. / Am Coll 
Cardiol 2000;36:1104-9. 



heart catheterization and intra-aortic balloon counterpulsation, perhaps under- 
scoring the clinical uncertainty surrounding the management of these complex 
patients (Table 7.1). 

Pathophysiology of acute ischemic mitral regurgitation in cardiogenic 
shock 

Before embarking on further discussion of the relation between acute MR 
and cardiogenic shock, careful review of pathophysiology is warranted. Acute 
ischemic MR can occur as a consequence of either one of two unique clinical 
events: direct mechanical injury from infarction that results in papillary muscle 
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rupture or chordal tear (structural MR) or dysfunction of the papillary muscle, 
and indirect disruption of the normal integrity of the mitral apparatus from 
pathologic ventricular remodeling (functional MR). Consideration of these two 
events may have significant implications in the diagnostic and therapeutic man- 
agement strategies for affected patients. Furthermore, one must be mindful of 
the potential impact of pre-existing mitral insufficiency on the development of 
hemodynamically significant valvular regurgitation following ischemic insult. 

Structural mitral regurgitation 

Papillary muscle rupture inevitably leads to cardiogenic shock; mortality rates 
range from 70% to 90% without operative intervention. There is a bi-modal 
distribution in the timing of rupture; most occur within the first 24 hours and 
there is a second peak 2-7 days after the index MI [6,21]. Most of what is known 
about papillary muscle rupture complicating acute MI comes from autopsy 
series. In a study by Wei and colleagues [15], posterior LV involvement was a 
universal finding in fatal cases of papillary muscle rupture, and no individuals 
had evidence of anterior wall injury. For most patients, this was their first 
documented infarct, most had acute occlusions of the right coronary artery, and 
most had isolated involvement of the posterior papillary muscle. These findings 
have been corroborated in other necropsy series [22,23]. 

In comparing angiographic and clinical characteristics of patients with struc- 
tural MR with those of patients with papillary muscle dysfunction but intact 
muscular integrity, Calvo and colleagues found results that closely mirrored 
previous autopsy findings [20]. Once again, patients with papillary muscle rup- 
ture had lower rates of prior angina or infarction, more commonly had inferior 
wall injury, had greater rates of single-vessel coronary disease, and had high 
mortality rates. These investigators also found that patients with papillary mus- 
cle rupture were older, more often required mechanical ventilation for associ- 
ated respiratory failure, and had greater frequencies of infectious complications 
during hospitalization. 

Functional mitral regurgitation 

Unlike structural MR, functional MR is not due to direct ischemic injury to 
the mitral apparatus. Rather, functional MR is thought to result either from 
tethering forces that restrict the ability of the mitral leaflets to close or from a 
reduction in the mitral "closing force" due to LV systolic dysfunction [24]. A 
growing body of evidence supports a role for geometric distortion of the mitral 
apparatus resulting from progressive ventricular remodeling as the primary 
pathophysiologic mechanism [25]. Additionally, disagreement exists regarding 
the extent of ischemic injury required to invoke significant MR and shock. Some 
investigators argue that extensive MI and global remodeling is necessary [19,26]; 
Llaneras et al., for instance, demonstrated that in an animal model of ischemic 
MR, only large (involving 35 to 40% of the myocardial mass) posterior wall 
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infarctions could produce significant ischemic MR. Smaller territory infarction 
required either concomitant posterior papillary muscle rupture or significant LV 
dilatation to cause pathologic MR [19]. Others, however, in data largely derived 
from small necropsy series, have suggested that sufficient MR may develop due 
to dysfunction of only small areas of vital tissue [15,17,18]. It is noteworthy that 
the EF was depressed for those with severe MR in the SHOCK registry (median 
37%) suggesting substantial LV damage, but 25% had an EF of 48% or higher 
suggesting more limited ischemic papillary muscle damage. 

Evidence also indicates that mortality rates for functional MR are lower than 
for those patients with acute papillary muscle rupture, though individuals with 
functional MR still tend to have higher short-term and long-term mortality than 
comparable patients with MI but functionally normal valves [27]. 

Diagnosis of acute ischemic mitral regurgitation 

For structural MR, prompt diagnosis and immediate operative repair are essen- 
tial for survival. Although there is controversy about the appropriate manage- 
ment of those with functional MR, evidence still supports early risk stratification 
and diagnostic evaluation, given the significant prognostic influence of this dis- 
ease process. 

While some patients may demonstrate classical findings of acute MR at the 
bedside, including a soft, low-pitched systolic murmur or prominent jugular 
venous v-waves (due to concomitant tricuspid insufficiency resulting from an 
elevated right ventricular pressure), the physical examination has been shown 
to be an insensitive tool for identifying those with ischemic MR [27,28]. 

In other instances, acute changes in waveforms derived from invasive hemo- 
dynamic monitoring may herald the development of severe mitral regurgita- 
tion. The Swan-Ganz catheter may reveal large v-waves, in addition to the other 
typical features of cardiogenic shock, including an elevated pulmonary artery 
wedge pressure, elevated right-sided pressures, and low mixed venous oxygen 
saturation (Table 7.2). However, for the majority of patients, more definitive 
diagnostic modalities are often required to identify acute MR. 

Echocardiography is often the diagnostic study of choice to evaluate patients 
with acute MR and is considered an appropriate initial test for patients with 
suspected mechanical injury in the setting of MI [29]. Initially, echocardio- 
graphy should focus on the presence of significant structural injury to the 
mitral valve, including flail leaflet or ruptured papillary muscle (Fig. 7.1). If 
absent, further echocardiographic evaluation of the mitral valve should include 
the application of commonly applied Doppler principles such as color flow 
(Fig. 7.2) and quantitative assessments of the effective regurgitant orifice, the 
regurgitant fraction, and the regurgitant volume, all of which have been shown 
to be predictive of mortality in small case series [30,31]. Additionally, the pres- 
ence of systolic flow reversal in the pulmonary veins implies marked mitral 
valvular insufficiency. 
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Table 7.2 Hemodynamic patterns 




RA 


RVS 


RVD 


PAS 


PAD 


PAW 


CI 


SVR 


Normal values 


<6 


<25 
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There is significant patient-to-patient variation. Pressures in RA = right atrium; RVS/D 
= right ventricular systolic /diastolic; PAS/D = pulmonary artery systolic /diastolic; 
PAW = pulmonary artery wedge is in mmHg. CI = cardiac index (L/min/m 2 ) and 
SVR = systemic vascular resistance (dynes /sec /cm 5 ). MI = myocardial infarction, 
P/SBF = pulmonary/systemic blood flow. 
§ = "Isolated" or predominant RV failure. 

■^Forrester et al. classified non-reperfused MI patients into four hemodynamic sub- 
sets (NEJM 1976;295:1356-1362). PAWP and CI in clinically stable subset 1 patients 
are shown. Values in parenthesis represent range. Reprinted with permission from 
Hochman JS and Ingbar D, Cardiogenic Shock and Pulmonary Edema in Fauci AS, 
Braunwald E, Kasper DL et al., Harrison's Principles of Internal Medicine 17th Edition, 
McGraw-Hill Medical, 2008. 

If suspicion of severe MR exists, such as shock in the setting of first inferior 
MI or with modest ECG and wall motion abnormalities, despite the absence 
of confirmatory evidence by transthoracic echocardiography, transesophageal 
imaging should be performed to evaluate mitral valve morphology and regur- 
gitant severity. Transesophageal echocardiography is often helpful to further 
delineate mitral anatomy and to direct surgical strategies for repair. 

In aggregate, data obtained from echocardiography, along with other clinical 
information available to the clinician, should help to guide appropriate patient 
management. One should also be mindful of the need for serial or late echocar- 
diographic examinations in patients with cardiogenic shock complicated by 
acute MR, as several studies have shown that these patients can often have con- 
siderable delays in the onset of hemodynamic deterioration following hospital 
admission [15,20]. 

Treatment of acute ischemic mitral regurgitation in cardiogenic shock 

Studies of therapeutic strategies for the management of cardiogenic shock 
associated with acute MR have largely been limited to observational and 



Chapter 7 Valvular heart disease in cardiogenic shock 155 




Fig. 7.1 Two-dimensional echocardiographic image of a ruptured posterior papillary 
muscle (arrow). 




Fig. 7.2 Color-flow Doppler echocardiographic image revealing anteriorly directed 
regurgitant jet with widened vena contracta consistent with severe mitral regurgitation 
from a ruptured posterior papillary muscle. 
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nonrandomized analyses. Most of these support a management approach 
focused on early mitral valve surgery [8-12,32], a finding corroborated by the 
SHOCK investigators who found unadjusted mortality rates favoring a surgical 
over medical management approach (40% vs. 71% mortality, respectively) [7]. 
However, a comparison of surgical and nonsurgical treatments in this registry 
also highlighted the significant selection bias, which has influenced all surgical 
series to date, as patients treated with an operative strategy tended to have 
smaller index infarctions, less hemodynamic compromise, and fewer medical 
comorbidities [7]. 

Whereas papillary muscle rupture or chordal tear is a clear indication for 
surgical repair, the proper management of those ischemic patients who have 
functional MR remains controversial. Although medical therapy has a well- 
defined role in the management of patients with stable or chronic disease, it has 
very limited efficacy in those with cardiogenic shock. In shock patients, medical 
management is most often employed as a strategy to achieve hemodynamic 
stabilization in preparation for surgery. However, decomposition can be rapid 
and unpredictable so surgery should not be delayed. 

By improving cardiac output through reductions in systemic vascular resis- 
tance and improvements in mitral valve competence, intravenous sodium nitro- 
prusside has been used in the acute setting to decrease MR [33]. The use of 
vasodilatory agents in this setting should be considered with extreme cau- 
tion, as the hemodynamic effect of these therapies can often be unpredictable. 
Most authorities recommend invasive hemodynamic monitoring be employed 
if vasodilators are to be used. Furthermore, in the hypotensive patient with 
cardiogenic shock, vasodilators should not be used in isolation, but rather only 
as an adjunct to inotropic agents and intra-aortic balloon counterpulsation. 

For those with ischemic functional MR, there has been at least some suggest- 
ion that percutaneous revascularization may help to reduce the MR burden 
[34-36]. In these individuals, medical therapy and intra-aortic balloon pump 
support may be effective until coronary blood flow is restored. Definitive surgi- 
cal repair or mitral valve replacement should be considered for those individuals 
refractory to more conservative care. For patients with structural MR, as well as 
those with acute, severe MR resulting from infection or trauma, prompt surgi- 
cal therapy is warranted. When amenable from an anatomic standpoint, valve 
repair is the option of choice; however, most patients with papillary muscle 
rupture or chordal disruption ultimately require valve replacement due to the 
presence of significant myocardial necrosis. 

Mitral stenosis 

Although MR is a more common cause of cardiogenic shock, mitral valve steno- 
sis can also result in similar hemodynamic perturbations if left untreated. 
In the vast majority of cases, mitral stenosis (MS) results from rheumatic 
heart disease [37,38] but can also be caused by congenital defects, infective 
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Fig. 7.3 Two-dimensional echocardiographic image of severe rheumatic mitral valve 
stenosis (arrow). 

endocarditis, and severe annular calcification. Although the incidence of 
rheumatic fever has been markedly reduced in most developed countries [39], 
it remains a major health concern in developing nations (Fig. 7.3) [40]. 

Rheumatic MS has an asymptomatic latent period ranging from 16 to 40 years 
following the initial episode of rheumatic fever, but accelerates rapidly to a more 
severe phenotype once symptoms begin to develop [38,41] . In a study by Olesen 
[42], who followed 271 patients with rheumatic MS prospectively, 10-year sur- 
vival rates were dramatically influenced by functional class. The survival rates 
for patients with functional class I-IV symptoms were approximately 80%, 69%, 
33%, and 0%, respectively. 

From a pathophysiologic perspective, the key hemodynamic consequence 
of MS is the development of a pressure gradient between the left atrium and 
left ventricle. As this pressure gradient increases, the elevation in left atrial 
pressure is transmitted to the pulmonary circulation resulting in increases in 
both pulmonary pressures as well as pulmonary vascular resistance (Figs. 7.4 
and 7.5). This, in turn, can manifest as pulmonary edema, right ventricular 
failure, and even shock. Once clinical MS develops, valve area decreases by 
an average of 0.1 cm 2 per year [43,44]. Whereas symptom development is a 
protracted process in those with MS, patients with more advanced disease can 
deteriorate acutely in functional class with even mild changes in hemodynamics. 
Any situation that either increases transmitral flow, such as third trimester 
pregnancy, decreases diastolic filling time, such as atrial fibrillation, can cause 



158 Cardiogenic Shock 





Fig. 7.5 Hemodynamic tracing obtained in the catheterization laboratory for a patient 
with severe mitral stenosis, revealing significant gradient between the left atrium (LA) 
and left ventricle (LV). 
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patients with apparently stable disease to abruptly deteriorate and develop 
clinical shock. 

Relief of mechanical obstruction in MS can, however, often dramatically and 
immediately improve hemodynamics. Reyes and colleagues [45], in a random- 
ized comparison of percutaneous and open surgical valvotomy for patients 
with MS, demonstrated the potential for complete reversibility in pulmonary 
hypertension with definitive therapy. 

Since its introduction in the mid-1980s [46,47], balloon mitral valvuloplasty 
has proven to be a reliable and effective method for treating advanced MS and, 
in many cases, has become the preferred therapeutic modality for these patients. 
Currently, percutaneous balloon mitral valvuloplasty (PBMV) is advocated by 
the American Heart Association/ American College of Cardiology [48], pro- 
vided the patient has favorable valvular morphology, has mild or no MR, and 
has no evidence of left atrial thrombus. 

Only one study has evaluated the use of emergent PBMV in patients with MS 
and cardiogenic shock. Assessing an end-stage population in India, Likhand- 
wala and others performed an observational study of balloon valvuloplasty 
for patients with shock, cardiac arrest, or refractory heart failure who were not 
surgical candidates due to advanced disease and marked hemodynamic insta- 
bility [49]. Although the short-term mortality was 40% in this study, results did 
suggest the potential feasibility of PBMV in this very high-risk patient popu- 
lation. Additionally, several baseline variables were found to be predictive of 
mortality, including systolic blood pressure <80 mm Hg, P0 2 <60, pulmonary 
arterial systolic pressure >65 mm Hg, and mitral valve score >8 [50]. 

Further study comparing various modalities of mitral valvuloplasty in 
patients presenting with cardiogenic shock is clearly warranted. If tolerated, 
many of these patients will undergo left heart catheterization, coronary angiog- 
raphy, and right heart catheterization in anticipation of definitive repair. Inva- 
sive hemodynamic variables obtained in the catheterization laboratory have 
been shown to closely mirror less invasive echocardiographic-derived gradi- 
ents, but the presence of concomitant obstructive coronary artery disease may 
influence the decision to pursue surgical intervention. 

Aortic valve disease 
Acute aortic insufficiency 

Due to the ventricle's inability to adapt to rapid increases in end-diastolic vol- 
ume, acute aortic insufficiency (AI) may result in cardiogenic shock. Common 
causes of acute AI include infective endocarditis with valve destruction and/ or 
abscess formation, aortic dissection, traumatic valve leaflet rupture, and iatro- 
genic injury. In a case series of 268 adults referred to a single institution for 
aortic valve replacement for isolated AI, Roberts and colleagues noted that 
approximately 18% of patients had acute AI, all resulting from endocarditis or 
dissection [51]. 
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Diagnosis of acute aortic insufficiency 

Like the patient with acute MR, patients with acute AI usually do not man- 
ifest the characteristic findings of chronic AI. This is due to the fact that LV 
stroke volume and diastolic filling volume are not increased in acute disease. 
In these patients, manifestations of cardiogenic shock and hemodynamic insta- 
bility often dominate. The presence of concomitant aortic dissection may be 
suggested by inequality in upper extremity pulse and blood pressures, but 
other physical examination findings are largely unreliable. Even this finding 
may be difficult to discern in patients with tenuous hemodynamic status. 

Transthoracic echocardiography is often sufficient to make the diagnosis 
of acute AI. Doppler criteria suggestive of severe AI include vena contracta 
width greater than 6 mm, pressure half-time less than 200 ms, and holodi- 
astolic flow reversal in the descending thoracic aorta [52]. When dissection 
is suspected, computed tomography imaging, magnetic resonance imaging or 
transesophageal echocardiography should be used as an adjunctive diagnos- 
tic tool. Additionally, transesophageal echocardiography, which is preferred in 
unstable intubated shock, can help further define the abnormal aortic valve 
anatomy and may guide surgical planning. 

Treatment of acute aortic insufficiency in cardiogenic shock 

For any patient with acute, severe AI, the therapeutic strategy should focus on 
eventual valve replacement. The use of vasodilators, such as nitroprusside, in 
conjunction with inotropic therapy may help with hemodynamic stabilization, 
but surgery should not be delayed [48]. Aortic counterpulsation is contraindi- 
cated due to the exacerbation in aortic regurgitation which can result from 
diastolic balloon inflation, and the future application of percutaneous valve 
replacement techniques in these patients is, as of yet, unstudied. 

Aortic stenosis 

Although LV dysfunction and overt heart failure are uncommon findings among 
contemporary patients with aortic stenosis (AS), end-stage patients who have 
not received adequate medical care may present to the hospital with hemody- 
namic compromise (Fig. 7.6). There are three primary causes of valvular AS 
in adults: congenital bicuspid valvular disease with superimposed calcifica- 
tion, calcific disease of a normal tricuspid valve, and rheumatic heart disease. 
Although calcific disease is more common in North America and Europe [53,54], 
it is suspected that rheumatic disease remains the most common primary etiol- 
ogy of valvular AS worldwide. 

When AS patients present with cardiogenic shock and/ or multisystem organ 
failure, their outcomes are usually catastrophic. For appropriate surgical can- 
didates, emergent operative aortic valve replacement (AVR) can be life saving. 
However, in many cases, these patients may be considered too ill and too unsta- 
ble for traditional therapy. The current temporizing or palliative alternative to 
operative care is percutaneous balloon aortic valvuloplasty; eventually, it may 
include percutaneous AVR. 
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Fig. 7.6 Continuous-wave Doppler velocities in a patient with severe aortic valve 
stenosis. 



Balloon valvuloplasty for nonemergent patients with AS is uncommonly 
used, due to the significant morbidity and mortality associated with the proce- 
dure and the lack of sustainable hemodynamic results. In fact, rates of valvular 
restenosis have been estimated to approach 60% per year [55]. Other reasons 
for poor outcomes following catheter balloon valvuloplasty include the high 
incidence of concomitant obstructive coronary disease and the numerous sig- 
nificant medical comorbidities affecting these patients [56-58]. 

In the NHLBI registry data of catheter balloon valvuloplasty for AS [59], 
approximately 6% of patients presented with cardiogenic shock, with an asso- 
ciated 30-day mortality rate of nearly 50%. Although case series have shown 
that balloon valvuloplasty can be performed in AS patients considered to be 
too high risk for surgery [60-62], there are high rates of potentially catas- 
trophic complications associated with this technique (including fatal cerebral 
embolism, ventricular perforation, acute AI, and cardiac arrest) [63]. In addi- 
tion, patients with advanced AS and cardiogenic shock are exquisitely sensitive 
to the hemodynamic perturbations that can occur with balloon valvuloplasty; 
hence, periprocedural ischemia is very likely to precipitate a vicious cycle of ven- 
tricular dysfunction, ischemia/infarction, and hemodynamic collapse (Fig. 7.7) 
[58]. Most authorities suggest that, if balloon valvuloplasty is performed for 
severe symptomatic AS, it should be done with the explicit goal of "bridging" 
patients to more definitive operative valve replacement. 

The feasibility of percutaneous AVR in high-risk patients with AS was first 
described by Cribier and colleagues using a transvenous, transseptal approach 
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Fig. 7.7 Pathologic cycle of hemodynamic deterioration and ischemia that may result 
from balloon valvuloplasty in patients with severe, symptomatic aortic stenosis. 



[64,65]. More recently, Webb and colleagues reported their initial experience 
with a retrograde AVR procedure using percutaneous femoral arterial access 
[66]. Procedural success was achieved in 86% of their 50-patient cohort, with a 
30-day mortality rate of 12%. As experience grows with the use of percutaneous 
AVR, it may become a viable option for nonsurgical patients with advanced AS 
and shock. 

For critically ill patients with advanced AS who are too hemodynamically 
unstable to undergo surgery, medical therapy, although limited in its efficacy, 
has been shown to help stabilize such patients. In a recent study of twenty-five 
patients with LV dysfunction (cardiac index <2.2 L/min/m 2 by Fick method 
and EF <35%) complicating severe AS who were not in shock, Khot and col- 
leagues showed that the use of nitroprusside could significantly improve cardiac 
index and stroke volume [67]. Starting at a mean nitroprusside dose of 14 ± 10 
mcg/min, and increasing to a mean dose of 103 ± 67 mcg/min at six hours 
and 128 ± 96 mcg/min at twenty-four hours, these investigators showed that 
vasodilator therapy was relatively safe and could significantly improve patient 
hemodynamics (cardiac increased to 2.22 ± 0.44 L/ min/m 2 at 6h and 2.52 ± 0.55 
L/min/m 2 at 24 hours; p < 0.001 for each increase compared with baseline). 
However, in some circumstances, vasodilator therapy can also further exacer- 
bate hemodynamic instability; careful hemodynamic monitoring is essential, 
and plans for immediate, definitive relief of the valvular obstruction should be 
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pursued. Nitroprusside has not been studied in those with cardiogenic shock 
and systemic hypotension and is not recommended. 

Aortic counterpulsation may also be of benefit in the stabilization of patients 
with decompensated AS, especially when concomitant obstructive coronary 
disease and myocardial ischemia may be contributing to the hemodynamic 
compromise. There has even been recent suggestion that an intra-aortic balloon 
pump may be useful when employing a combined approach of percutaneous 
coronary revascularization followed by operative valve replacement in patients 
with complex, unstable aortic valve stenosis [68], although this remains to be 
corroborated in larger case series. 

Mechanical valve thrombosis 

The incidence of mechanical prosthetic valve thrombosis ranges from 0.2% to 
6% per year in those with aortic or mitral valve prostheses and as high as 13% 
in those with prostheses in the tricuspid valve position [69,70]. Thrombosis 
resulting in valvular obstruction is an extremely rare finding. When present, 
however, the hemodynamic consequences can be abrupt and life-threatening 
[71,72]. 

Results from several small case series suggest that most patients with throm- 
bosed mechanical valves present with advanced heart failure or cardiogenic 
shock [71-73]. In a study of 29 patients admitted with mechanical valve obstruc- 
tion and critical hemodynamic compromise, Buttard and colleagues found that 
nearly half of the patients had inadequate levels of systemic anticoagulation 
at presentation, many of whom had discontinued their chronic oral anticoag- 
ulation in anticipation of elective noncardiac surgery [73]. Additionally, many 
patients had concomitant atrial fibrillation. Over 40% of the patients died, with 
over one-quarter of the cohort dying in the preoperative period. 

Diagnosing mechanical prosthetic valve thrombosis can be challenging, with 
only a minority of patients exhibiting classic signs of attenuated valvular auscu- 
latory findings or appearance of new cardiac murmurs. In fact, it has been sug- 
gested that nearly 50% of obstructed valves may be diagnosed only at autopsy 
[74]. Ancillary diagnostic tools, such as cinefluoroscopy and transthoracic or 
transesophageal echocardiography, can improve the detection of partial or com- 
pletely obstructive thrombi. 

Cinefluorscopy can be used to directly visualize mechanical prosthetic valves. 
Most often, multiple views are necessary to adequately assess valve mobility. 
In the mitral position, imaging is usually performed with the camera in a shal- 
low right-anterior oblique (RAO) and steep cranial position (e.g. 10-15 degrees 
RAO, 40-45 degrees cranial), as well as left-anterior oblique (LAO) with cranial 
angulation (e.g. 55-60 degrees LAO, 5-10 degrees cranial). For valves in the 
aortic position, an LAO-cranial image is often obtained (e.g. 75 degrees LAO, 
25-30 degrees cranial), with en-face visualization in the RAO-cranial position 
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(a) Thrombosed mechanical valve 




(b) Normal mechanical valve 




Fig. 7.8 (a) Cinefluoroscopic views of a partially thrombosed bileaflet mechanical aortic 
valve. The left panel shows the valve completely closed, while the right panel reveals 
incomplete opening of the valve due to thrombosis, (b) Cinefluoroscopic view of a 
normal mechanical aortic valve. The left panel shows the valve in the closed position 
while the right panel shows the same valve in the open position. 

(e.g. 40-45 degrees RAO, 40-45 degree cranial). Figure 7.8(a)&(b) shows typical 
fluoroscopic imaging of a partially obstructed and a normal mechanical aortic 
valve. 

Measurement of Doppler echocardiographic variables is also essential for the 
assessment of suspected obstruction, and evaluation of valvular gradients and 
valve areas can assist in the diagnosis. Clinicians, however, must be cautious of 
overinterpreting these gradients in light of potential confounding mechanisms 
unrelated to malfunction of the prosthetic valve (e.g. tachycardia, increased 
cardiac output, subvalvular hypertrophy). Additionally, transesophageal 
echocardiography is the procedure of choice for visualizing leaflet motion and 
elucidating the etiology of valvular obstruction [75,76]. 
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Until recently, the traditional treatment for prosthetic valve thrombosis has 
been emergent surgery, and reported operative mortality rates have ranged 
from 0% to 70%, largely depending on the patient's functional class at the time 
of surgery [70,71,77]. Lately, there has been increasing enthusiasm for the use 
of systemic fibrinolysis in the treatment of prosthetic valve thrombosis. It is 
currently considered the treatment of choice for tricuspid valve thrombosis 
[78,79], but its use in left-sided valvular obstruction is less clear due to the high- 
risk of cerebral thromboembolism. The role of fibrinolysis in these patients 
seems best applied to those with hemodynamic instability and cardiogenic 
shock, conditions that might otherwise preclude the use of conventional surgery. 
Several case reports have fueled contemporary interest in using fibrinolytics for 
high-risk patients with thrombotic valvular obstruction [78,79], and current 
consensus suggests that fibrinolytic therapy should be considered in critically 
ill patients with advanced symptoms in whom surgical intervention is either 
contraindicated or likely to be fatal [80]. Other potential circumstances which 
may favor fibrinolytic therapy consideration include lower-risk patients with 
small thrombus burden and no contraindications (<0.8 cm 2 ) [81], and those 
with substantial surgical risk. Aggregate findings from case series suggest that 
fibrinolytic therapy success ranges from 85-90%, with mortality rates on the 
order of 5-10%. In addition, embolic events ranged from 6-19%, hemorrhagic 
events were seen in 2-8% of patients, and recurrent thrombosis occurred in up 
to a quarter of patients [82-84]. 

When fibrinolysis is employed, streptokinase or urokinase have been the 
most commonly used agents, although successful lysis with recombinant tissue- 
type plasminogen activator (rt-PA) has been reported [83]. The recommended 
dosage of streptokinase is a 250,000 unit bolus over 30 minutes, followed by an 
infusion of 100,000 units/hour, while urokinase is usually given as an infusion 
at a dose of 4,400 units /kg /hour. The ideal duration of therapy is uncertain and 
infusion durations have ranged from 2 to 120 hours in limited case series [85,86]. 
Most authorities suggest dictating fibrinolytic therapy duration based upon 
clinical criteria, including resolution of hemodynamic instability and restoration 
of normal valvular Doppler echocardiographic velocities. In the absence of 
significant clinical improvement after 24 hours of fibrinolytic therapy, high-risk 
surgery should be entertained [80]. 

Conclusion 

Although much of the attention in cardiogenic shock has been directed toward 
emergent coronary revascularization for the acutely ischemic patient, there is 
a significant proportion of individuals whose hemodynamic instability is due, 
at least in part, to advanced valvular heart disease. In the majority of such 
cases, prompt surgical therapy is the treatment of choice. However, the pres- 
ence of substantial comorbidities, end-organ dysfunction, and hemodynamic 
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compromise often precludes attempts at any surgical intervention. Percuta- 
neous treatments have been shown to have variable success, largely dependent 
on the underlying valvular pathology but in many cases, they may provide 
enough clinical stability to effectively bridge a patient to more definitive opera- 
tive care. It is clear from the limited evidence-based literature that more rigorous 
study of these high-risk patients is needed. At the same time, through larger 
prospective investigation, there is significant opportunity to improve the care 
and lives of patients with hemodynamically unstable valvular heart disease. 
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Cardiogenic shock in other heart 

diseases: Acute decompensation of chronic 
heart failure, myocarditis, transient apical 
ballooning syndrome, peripartum cardiomyopathy, 
hypertrophic cardiomyopathy, restrictive 
cardiomyopathies, and thyrotoxicosis 

Fredric Ginsberg and Joseph E. Parrillo 



Introduction 

Cardiogenic shock is defined as persistent hypotension and tissue hypoperfu- 
sion due to cardiac dysfunction in the presence of adequate left ventricular fill- 
ing pressure and intravascular volume. The most common cause of cardiogenic 
shock is acute myocardial infarction (AMI), with extensive myocardial injury 
and necrosis leading to left ventricular failure. Other complications of AMI that 
lead to cardiogenic shock include papillary muscle rupture with acute, severe 
mitral regurgitation, ventricular septal rupture, left ventricular free wall rupture 
with cardiac tamponade, and right ventricular infarction [1]. 

Cardiogenic shock is less often caused by conditions leading to acute, severe 
left ventricular or right ventricular failure not related to unstable coronary artery 
disease. These conditions include decompensation of chronic left ventricular 
systolic dysfunction, acute myocarditis, transient apical ballooning syndrome, 
left ventricular outflow tract obstruction as in hypertrophic cardiomyopathy 
(HCM), acute valvular regurgitation, severe mitral or aortic stenosis, or acute 
right ventricular failure syndromes such as acute, massive pulmonary embolism 
or cardiac tamponade [2]. It is of utmost importance to be able to quickly 
diagnose these conditions because most of them are reversible, and urgent and 
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appropriate management differs from the management of cardiogenic shock 
due to AMI and can be life-saving. 

Acute decompensation of chronic heart failure 

Acute worsening of chronic heart failure is among the most common causes of 
hospitalization in the U.S., accounting for over one million cases annually [3]. 
Up to 70% of all acute heart failure hospitalizations occur in patients with known 
chronic heart failure [4]. The majority of these patients will demonstrate con- 
gestion, manifested as dyspnea, edema, pulmonary rales, and elevated jugular 
venous pressure on physical examination, with adequate blood pressure and 
tissue perfusion. A significant minority, however, will show signs of decreased 
tissue perfusion, including confusion, cool extremities, narrow pulse pressure, 
hypotension with systolic blood pressure <90 mm Hg, and oliguria. A small 
percentage of patients will manifest overt signs of cardiogenic shock. In one 
study, among 486 patients admitted with decompensated heart failure, 28% 
showed signs of decreased tissue perfusion and congestion, and 5% had reduced 
perfusion without overt congestion [5] . In the EuroHeart Failure Survey II, 10.4% 
of acute decompensated heart failure patients presented in pulmonary edema 
and 2.2% had cardiogenic shock [6]. Other authors estimate that cardiogenic 
shock is present in 2-8% of patients hospitalized with acute decompensated 
heart failure [4]. In the ADHERE database of over 150,000 heart failure hospi- 
talizations in the U.S., <3% of patients presented with systolic blood pressure 
<90 mm Hg [7]. In another study, almost 30% of patients with acute decom- 
pensated heart failure with cardiogenic shock had been hospitalized for heart 
failure during the previous 12 months [6]. 

Cardiogenic shock is the clinical factor that most directly impacts short-term 
prognosis in acute heart failure. In all patients admitted with acute heart failure 
and cardiogenic shock, 1-year mortality was 68.2%, compared with 37.9% in 
patients with acute heart failure without shock [8]. A multivariate analysis of 
the ADHERE data demonstrated that admission systolic blood pressure under 
115 mm Hg and diastolic blood pressure under 55 mm Hg were both inde- 
pendent risk factors for in-hospital mortality, increasing the risk of mortality 
threefold [9], as well as increasing 1-year mortality [8]. In-hospital mortality in 
the EuroHeart Failure Survey II was 39.6% in patients with acute heart failure 
and cardiogenic shock (Fig. 8.1) [6]. 

In patients with acute decompensated heart failure and decreased perfu- 
sion or shock, potentially reversible causes of deterioration should be investi- 
gated. Acute myocardial ischemia and infarction should be evaluated using the 
ECG and cardiac biomarkers. In patients with acute ischemia, revasculariza- 
tion therapies such as percutaneous coronary intervention or coronary artery 
bypass surgery should be considered. Other reversible conditions include car- 
diac arrhythmia. Rapid atrial fibrillation is very common in patients with acute 
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Fig. 8.1 In-hospital mortality in EuroHeart Failure Survey II by history of HF and 
clinical class. ADCHF, acute decompensated heart failure; HF, heart failure; 
AHF, acute heart failure. (Reprinted with permission from Nieminen MS, Brutsaert D, 
Dickstein K, et al. Eur Heart / 2006;27:2725-36.) 



decompensated heart failure, and it can lead to hypotension and low cardiac 
output due to the loss of the atrial contribution to left ventricular filling and 
cardiac output. Sustained tachycardia can directly impair myocardial function 
(tachycardia-induced cardiomyopathy) and can aggravate ischemia. Paroxys- 
mal ventricular tachycardia is less common but can also seriously aggravate 
the heart failure syndrome. Worsening valve lesions, most commonly mitral 
regurgitation, need to be assessed and treated appropriately. 

Other treatable factors that may seriously aggravate heart failure and lead 
to hypotension include adverse effects of medications, such as class I anti- 
arrhythmic medications and calcium channel blockers such as diltiazem or 
verapamil. Serious acute comorbid conditions, such as sepsis, pneumonia, 
chronic obstructive pulmonary disease, pulmonary embolism, respiratory fail- 
ure, anemia, renal failure, and thyroid disease, need to be identified and treated 
aggressively. 

Patients with acute heart failure and signs of decreased perfusion, hypoten- 
sion or shock, need rapid diagnostic assessments and institution of therapy 
simultaneously. Echocardiography needs to be performed urgently to assess left 
ventricular systolic and diastolic function, right ventricular function and peri- 
cardial and valvular abnormalities. Echo-Doppler can also assist with hemo- 
dynamic assessments. The use of a pulmonary artery catheter, although not 
always necessary, is often very useful for defining hemodynamic parameters 
more precisely, as well as assessing response to therapy. Specific indications for 
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the use of a pulmonary artery catheter in acute heart failure include: (1) when 
clinical assessment of hemodynamic status is uncertain; (2) when coexistent 
serious pulmonary or renal disease makes clinical assessment of hemodynam- 
ics less reliable; (3) when patients are not improving with initial management; 
(4) to guide use of potent vasodilator therapy; (5) when persistent hypotension 
occurs as inotropes are being weaned; (6) during assessment for definitive ther- 
apies such as cardiac transplantation or ventricular assist devices (VADs) [5,10]. 

The medical management of cardiogenic shock is discussed in Chapter 3. A 
brief discussion follows here. Intravenous diuretics are used to relieve symp- 
toms of congestion. However, diuretics may aggravate hypotension and hypop- 
erfusion or shock. The choice of medical management in these patients is 
between parenteral vasodilator therapy, using nitroprusside or nitroglycerin, 
and sympathomimetic amines, which have both inotropic and vasopressor 
properties such as dopamine or norepinephrine, or using inotropes which also 
have vasodilating properties such as dobutamine or milrinone. Goals of ther- 
apy in patients with acute heart failure and hypotension or shock are to restore 
adequate cardiac output, to perfuse vital organs, improve peripheral tissue oxy- 
genation, maintain adequate renal function and alleviate symptoms, without 
worsening myocardial function by causing arrhythmias, myocardial ischemia, 
or necrosis [4]. 

Vasodilator therapy can improve cardiac output and filling pressures with 
resultant reduction in subendocardial ischemia. Vasodilators can be used 
judiciously in patients with acute heart failure and hypoperfusion as long 
as there is not frank hypotension. Their use has not been associated with 
aggravation of arrhythmia or worsening of prognosis. However, nitroprusside 
and nitroglycerin often worsen hypotension, and this limits their usefulness 
in patients with hypoperfusion and precludes their use in patients with 
cardiogenic shock. The inotropic agents dobutamine and milrinone work by 
increasing intracellular myocyte cyclic AMP, which increases intracellular cal- 
cium release leading to increased contractile force. Dobutamine accomplishes 
this by stimulating the myocyte beta-receptor. Milrinone works by inhibiting 
the enzyme phosphodiesterase III, which breaks down cyclic AMP. This action 
in vascular smooth muscle is responsible for vasodilation with milrinone, 
which can aggravate hypotension. 

The use of inotropic therapy for acute decompensated heart failure with 
hypoperfusion is controversial. Although these agents provide short-term ben- 
efit with improved blood pressure and improved end-organ perfusion, dobu- 
tamine and milrinone are associated with adverse effects, such as increasing 
heart rate, more frequent tachyarrhythmias, increased myocardial oxygen con- 
sumption, and worsening myocardial ischemia (Table 8.1) [4]. Even short-term 
use of inotropic drugs has been associated with increased mortality. In the 
ADHERE observational database, use of inotropes was associated with a 12.3- 
13.9% in-hospital mortality; mortality in patients who received nitroprusside or 
nitroglycerin was 4.7-7.1% [9]. These differences were felt to be significant even 
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Table 8.1 Drawbacks of dobutamine and milrinone. 



A. Dobutamine 

(i) Increased myocardial oxygen consumption 

(ii) Myocardial injury 

(iii) Tolerance/ tachyphylaxis 

(iv) Interaction with beta-blockers 

(v) Arrhythmogenesis 

(vi) Increased mortality 

B. Milrinone 

(i) Hypotension 

(ii) Arrhythmogenesis 

(iii) Worsening prognosis in ischemic disease 




after adjusting for important concomitant variables. Short-term use of inotropic 
drugs for acute decompensated heart failure is also associated with worse sur- 
vival after hospital discharge (Fig. 8.2) [3] and there are no convincing data that 
they improve quality of life in heart failure patients. 

Because inotropic drugs are associated with worse survival, their use is 
reserved for patients with severe hemodynamic compromise, who demonstrate 
obtundation, oliguria, lactic acidosis, and impending hemodynamic collapse. 
In this situation, patients must receive short-term, life-saving hemodynamic 
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Fig. 8.2 Kaplan-Meier survival showing reduced survival after milrinone use, 
especially in patients with ischemic cardiomyopathy. (Reprinted with permission from 
Felker GM, Benza RL, Chandler AB, et al. / Am Coll Cardiol 2003;41:997-1003.) 
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benefit, despite potential worsening of the longer term heart failure [11]. Dobu- 
tamine is preferred over milrinone because of the latter agent's potent vasodila- 
tor effects and resultant hypotension, although high doses of dobutamine can 
also lead to vasodilation and worsening hypotension. Dopamine can be used, 
as it has dose-related vasoconstrictor as well as inotropic properties and can 
improve end-organ perfusion acutely. Norepinephrine is reserved for the most 
severe cases of hypotension and shock. 

Inotropic vasopressor drugs can be used as a "bridge" to stabilize patients 
prior to initiating mechanical support with intra-aortic balloon counterpulsation 
(IABP) or a VAD. They can also be used short-term prior to revascularization 
for ischemic heart failure or while patients are awaiting cardiac transplanta- 
tion [11,12]. Once patients have been stabilized, the dose of inotropic therapy 
should be rapidly reduced as tolerated, with transition to long-term oral ther- 
apy with agents that improve the long-term prognosis of heart failure, such as 
angiotensin-converting enzyme inhibitors and beta-blockers [11]. 

Levosimendan is a newer inotropic agent that acts not by increasing intracel- 
lular calcium, but by binding to troponin C, sensitizing the cardiac myofilaments 
to calcium. It is available for use in Europe, but in the U.S. it is an investiga- 
tional agent. It was hoped that this agent could provide effective inotropic ther- 
apy in acute decompensated heart failure without worsening mortality, as has 
been consistently demonstrated with dobutamine and milrinone. However, a 
randomized, prospective, double-blind, multicenter study was performed com- 
paring levosimendan with dobutamine in 1,327 patients with acute decompen- 
sated heart failure, oliguria, and low cardiac index, but without overt shock. It 
showed no survival difference between the two agents, with 31-day and 180-day 
all cause mortality rates of 12-14% and 26-28% with each drug. Levosimendan 
was associated with lower blood pressure, a slight rise in heart rate, more atrial 
arrhythmias, and hypokalemia [13]. 

Stage D heart failure, that is, symptomatic heart failure at rest despite appro- 
priate medical therapy, is associated with a >50% 1-year mortality [14]. Patients 
with severe heart failure who are dependent on intravenous inotropic therapy 
have an extremely poor prognosis, with only 24% survival at 1 year [15] . Cardiac 
transplantation is an option for patients with end-stage heart failure who are 
inotrope-dependent. Cardiac transplantation offers the best survival benefit for 
these patients, but is available for only a very few. It is estimated that 80,000- 
150,000 patients in the U.S. could benefit from cardiac transplantation in terms 
of improved quality of life and longevity [16]. However, only 2,200 donor hearts 
per year are currently available. 

VADs are mechanical pumps inserted most commonly via a thoracotomy 
and are used to support the function of the failing heart. These devices are 
discussed in Chapter 9 and have been most commonly used to "bridge" patients 
with functional class IV heart failure, who are inotrope-dependent, to help 
them survive to cardiac transplantation. They can also be used as permanent 
support in patients who have severe comorbidities or end-organ dysfunction 
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that preclude transplantation ("destination therapy"). VADs can also be used to 
support patients while therapies are being administered to attempt to reverse 
the myocardial cellular processes associated with the progressive worsening 
of heart failure [17]. A minority of patients can experience improvement in 
myocardial function ("reverse remodeling") while supported with a VAD, so 
that the VAD can eventually be removed ("bridge to recovery"). Lastly, VAD 
therapy can be used in patients with end-stage heart failure, who initially are 
not candidates for transplantation due to conditions such as malnutrition or 
end-organ dysfunction. Improved hemodynamics with VAD therapy can result 
in improvements in end-organ function and in patients' overall status so that 
transplantation becomes feasible ("bridge to eligibility") [17]. (VAD therapy 
[18-21] is discussed further in Chapter 9.) 

The operative risk of VAD implantation is determined not by the severity of 
heart failure, but by comorbidities such as clotting system derangements, renal 
failure, right ventricular dysfunction, and nutritional status (Fig. 8.3). Patient 
selection and timing of VAD implantation in the course of a patient's heart 
failure illness are the critical factors governing the success and utility of VAD 
therapy. Placing VADs too late in the course of severe irreversible heart failure 
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is associated with high operative mortality and poor survival. When in the 
course of chronic severe heart failure VAD support provides survival benefit 
over medical therapy has yet to be defined [18]. 

Myocarditis 

Myocarditis is defined as inflammation of heart muscle [22]. Clinical illness 
caused by myocarditis varies widely. Patients may have very mild symptoms 
and recover quickly without specific therapy. Other patients may develop more 
severe illness, characterized by left ventricular dysfunction, heart failure, and 
chronic cardiomyopathy. A smaller number of patients with acute myocarditis 
can progress to critical illness, with cardiogenic shock. 

The most common etiology of myocarditis is believed to be a viral infection 
[22]. Other infectious illnesses that can lead to myocarditis include Lyme dis- 
ease, acute rheumatic fever, diphtheria, and Chagas' disease. Myocarditis has 
been reported in approximately 8% of patients with HIV, either due to oppor- 
tunistic infection with Mycobacteria, fungi, or parasites, superimposed viral 
infections such as cytomegalovirus, or possibly due to HIV itself [23]. Autoim- 
mune illnesses often associated with myocarditis include systemic lupus ery- 
thematosus, polymyositis, progressive systemic sclerosis, and mixed connective 
tissue disease [24]. Other specific forms of myocarditis include hypersensitivity 
or eosinophilic myocarditis [25] and giant cell myocarditis [26]. Pathogenesis 
of the most common form of myocarditis, lymphocytic myocarditis, involves 
myocyte damage caused by viral proteases and cytokine activation, as well 
as secondary human host immune activation with persistent overactivation of 
cellular immunity. Activated T lymphocytes target myocardial antigens with 
subsequent release of cytokines. Myocardial biopsy specimens will show infil- 
tration with lymphocytes. These processes may lead to left ventricular dilatation 
and remodeling, with left ventricular systolic dysfunction and clinical heart fail- 
ure [4,27], or they may abate, with subsequent improvement in left ventricular 
size and function. 

Patients ill with acute myocarditis most often present with chest pain, fever, 
dyspnea, palpitations and syncope. The presentation may be that of acute heart 
failure or may mimic AMI [28]. The diagnosis of acute myocarditis is made on 
clinical grounds. Laboratory findings include leukocytosis, eosinophilia, ele- 
vation of C-reactive protein, and elevation of the cardiac biomarkers CK-MB 
and troponin. ECG abnormalities include ST-segment elevation or depression, 
T-wave inversion, and pathologic Q-waves. More severe cases may demonstrate 
ventricular arrhythmias and heart block [22,29]. 

Urgent echocardiography is essential to diagnose and quantitate left ven- 
tricular wall motion abnormalities, left and right ventricular function and 
left ventricular wall thickness. Contrast enhanced cardiac magnetic resonance 
imaging (CMR), looking for early and late enhancement with gadolinium, offers 
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great promise to diagnose myocarditis and to improve the diagnostic yield of 
endomyocardial biopsy (EMB) [30-32]. Cardiac catheterization and coronary 
angiography are often necessary to exclude severe coronary artery disease as 
the cause of chest pain, acute heart failure, and ECG and echocardiographic 
abnormalities. 

Patients with suspected acute myocarditis often undergo EMB to aid in the 
diagnosis. The Dallas Histopathologic Criteria defined myocarditis as the pres- 
ence of an active inflammatory infiltrate accompanied by myocyte necrosis. 
The term "borderline myocarditis" is defined as active inflammation without 
necrosis. Unfortunately, there are limitations to using EMB in the diagnosis of 
myocarditis. The myocardial inflammation is often patchy, and involves left 
ventricle more extensively than right ventricle. Therefore, random nontargeted 
right ventricular biopsies can miss affected areas. Various series have reported 
positive biopsy results in only 10-67% of patients with myocarditis suspected 
on clinical grounds. In addition, a high frequency of intra-observer variation has 
been noted among pathologists in applying the Dallas Criteria [33]. Performing 
EMB earlier in a patient's course, taking multiple biopsy specimens, biopsy of 
left ventricle, and targeting biopsies using CMR have been suggested as ways 
of improving the diagnostic yield of EMB [32-34]. A positive biopsy has a high 
positive predictive value for the diagnosis of myocarditis, but it is important to 
emphasize that a negative biopsy does not preclude the diagnosis. 

EMB is necessary to diagnose specific myocardial disorders that have unique 
pathogeneses, prognoses, and therapies, which cannot be diagnosed with non- 
invasive testing. A recent AHA/ACC/ESC scientific statement offered recom- 
mendations concerning the appropriate use of EMB based on patients' clinical 
presentations. EMB was deemed useful, beneficial, and effective (class I recom- 
mendation) in patients with acute heart failure and hemodynamic compromise, 
when causes such as coronary artery disease are excluded. EMB in this setting 
is necessary to differentiate giant cell myocarditis and necrotizing eosinophilic 
myocarditis from lymphocytic myocarditis, as immunosuppressive therapy is 
mandated in the first two diseases (see below). EMB was also deemed a class 
I recommendation in patients with new onset, subacute heart failure, with 
duration of illness 2 weeks to 3 months, who demonstrate severe ventricular 
arrhythmia or advanced heart block, or who fail to respond to conventional 
medical therapy in 1-2 weeks [35]. 

The majority of patients with clinical manifestations of lymphocytic 
myocarditis will improve. Patients with heart failure and left ventricular dys- 
function will experience spontaneous resolution of their illness in 6-12 months 
in up to 50% of cases, without long-term sequelae [36]. Recovery is more likely 
to occur in patients with less severe reductions of left ventricular function. One 
series reported 4-year survival of 87% in patients with myocarditis without 
heart failure, but 54% survival in patients with myocarditis and heart fail- 
ure [36]. Patients with heart failure and myocarditis can recover normal left 
ventricular function or can progress to chronic dilated cardiomyopathy. 
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Roughly one-quarter of patients with acute myocarditis, severe heart failure, 
and an ejection fraction of <35% will improve, one-half will develop chronic 
cardiomyopathy and heart failure, and one-quarter will deteriorate and may be 
candidates for cardiac transplantation [37]. 

A small percentage of patients with acute myocarditis present critically ill 
with acute cardiogenic shock [5,38]. This has been termed fulminant myocardi- 
tis. In distinction to acute severe myocarditis, patients with fulminant myocardi- 
tis have hemodynamic compromise and require support with inotropic and/ or 
vasopressor medication, IABP, or other forms of mechanical cardiac support. 
Most often these patients have a recent and distinct onset of illness, and rapid 
deterioration of heart failure symptoms, unlike patients with acute severe 
myocarditis, who have a less distinct onset of symptoms, with gradual devel- 
opment of heart failure followed by acute decompensation [39]. When patients 
present with acute heart failure due to myocarditis, it is difficult to predict those 
who will progress to fulminant myocarditis and require hemodynamic support. 
There are no specific criteria to assist in this prediction, but patients who devel- 
oped fulminant myocarditis tended to have higher C-reactive protein levels and 
more often had wide QRS complexes on ECG [40]. Ejection fraction was slightly 
lower in patients who developed fulminant myocarditis (40% versus 50%) but 
this did not distinguish these two groups in multiple logistic regression analysis. 

In a study of 147 patients presenting with heart failure due to biopsy-positive 
active myocarditis, with ejection fraction <40%, 15 (10%) were diagnosed with 
fulminant myocarditis. Thirteen of these patients required hemodynamic sup- 
port with high-dose vasopressor therapy, and 2 required support with a mechan- 
ical assist device. Patients with fulminant myocarditis tended to be younger, but 
there was no discrimination between fulminant myocarditis and acute severe 
myocarditis based on hemodynamic profiles. With aggressive therapy, patients 
with fulminant myocarditis had a better survival; 1-year survival was 93% and 
11-year survival was 93% (no late deaths) compared with 85% at 1 year and 
45% at 11 years in patients with acute severe myocarditis (Fig. 8.4) [41]. 

There is a growing experience using VADs for treatment of fulminant 
myocarditis and cardiogenic shock, in patients not responding to inotropic 
drugs and IABP. The patients generally demonstrated biventricular failure, 
severely reduced cardiac index, and other end-organ dysfunction. Biventric- 
ular assist devices, percutaneous left ventricular devices, and percutaneous 
cardiopulmonary bypass have been used for 7-43 days. Almost all patients 
survived and recovered left ventricular function in these reports [39,42^14]. 

During the acute phase of myocarditis characterized by left ventricular sys- 
tolic dysfunction and pulmonary congestion without hemodynamic instability 
patients require treatment with standard therapies for dilated cardiomyopathy 
and heart failure. The use of multidrug regimens is indicated. Diuretics help 
to lower left ventricular filling pressures and improve dyspnea. Angiotensin- 
converting enzyme inhibitors and aldosterone antagonists should be initiated, 
with careful monitoring of cardiac rhythm, electrolytes, and renal function. 
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Fig. 8.4 Unadjusted transplantation-free survival according to clinicopathological 
classification. Patients with fulminant myocarditis were significantly less likely to die or 
require heart transplantation during follow-up than were patients with acute 
myocarditis (P = 0.05 by the log-rank test). (Reprinted with permission from McCarthy 
III RE, Boehmer JP, Hruban RH, et al. N Engl J Med 2000;342:690-5.) 



Beta-blockers can be initiated at a low dose and gradually increased after the 
patient is stable. It is felt that these measures will promote reverse remodeling 
and improvement of left ventricular function, often to normal. 

The use of immunosuppressive therapy in patients with fulminant myocardi- 
tis is controversial, and there have been no clinical trials to assess this ther- 
apy in these patients. Randomized trials of immunosuppressive therapy in 
myocarditis have been limited by small numbers of patients, varied immuno- 
suppressive regimens, and a high incidence of spontaneous recovery of normal 
left ventricular function [45—48] . There is no evidence that patients with lympho- 
cytic myocarditis benefit from the routine use of immunosuppressive therapy. 
However, therapy with corticosteroids and other immune-modulating agents 
should be considered in patients with deteriorating clinical status, or in patients 
with myocarditis associated with connective tissue disease, eosinophilic or gran- 
ulomatous forms of the disease, or in patients with giant cell myocarditis. We 
favor the use of prednisone and azathioprine for patients with biopsy-proven 
lymphocytic myocarditis who are not improving on conventional heart failure 
medications [33]. 

In summary, patients with fulminant myocarditis have an acute, severe ill- 
ness, characterized by cardiogenic shock and severe heart failure. Short-term 
prognosis is poor without aggressive treatment of abnormal hemodynamics 
with pharmacologic therapy and mechanical support. With aggressive thera- 
pies, often involving VADs, healing of myocarditis injury and improvement of 
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left ventricular function can be expected, and long-term survival is excellent 
after recovery from the acute illness. 

Transient apical ballooning syndrome 

A distinctive acute cardiomyopathy was first described in patients in Japan 
in 1991 [49]. This syndrome has subsequently been described in the U.S. and 
Europe [50,51]. It is characterized by the acute onset of chest symptoms, ECG 
changes mimicking AMI, and mild elevation of cardiac markers. Symptoms are 
precipitated by extreme emotional or physical stress in >70% of cases [52]. The 
characteristic finding is a distinctive wall motion abnormality involving the left 
ventricular apex, in the absence of significant coronary artery stenosis (Fig. 8.5). 
This syndrome has been termed transient apical ballooning syndrome (TABS), 
stress cardiomyopathy, or Tako-tsubo cardiomyopathy, so named because the 
Tako-tsubo pot used by Japanese fishermen to trap octopus has a shape similar 
to the left ventricle in this condition ("short neck-round flask") [51-54]. There 
is a marked preponderance for older females to be affected by this condition, 
86-100% in reported series, with a mean age of 63-67 years. A total of 66-90% 
of patients will present with chest pain, and 15-20% will present with dyspnea, 




Fig. 8.5 LV angiogram in diastole (left) and systole (right) in right anterior oblique 
projection demonstrating wall-motion abnormality characteristic of stress 
cardiomyopathy. At end systole, LV chamber adopts distinctive "short neck with round 
flask" configuration in which distal (apical) portion is dyskinetic/ akinetic /hypokinetic, 
whereas in contrast, the remaining proximal (basal) segment is hypercontractile (sharp 
area of transition is shown by arrows). (Reprinted with permission from Sharkey SW, 
Lesser JR, Zenovich AG, et al. Circulation 2005;111:472-9.) 
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pulmonary edema, or shock. Most common ECG changes seen are ST-segment 
elevation or marked T-wave inversions in the precordial leads. These findings 
are indistinguishable from AMI. Elevation of CK-MB and troponin is seen in 
the majority of patients, but the enzyme rises are usually milder than would be 
expected given the marked ECG and left ventricular wall motion abnormalities. 

Precipitators of TABS have included arguments with family members, the 
death of a loved one, or sudden financial setbacks. Physical stresses have 
included medical procedures such as thoracentesis or biopsy, institution of can- 
cer chemotherapy or hemodialysis, and hip fracture and noncardiac surgeries 
and respiratory distress. 

Echocardiography or left ventriculography shows moderate-to-severe left 
ventricular dysfunction in these patients, with characteristic hyperkinesis of 
inferior-basal and basal-septal segments, with severe hypokinesis, akinesis, 
or dyskinesis involving mid-anteroseptal, apical, and inferior-apical wall seg- 
ments. Acutely, left ventricular ejection fraction is reduced to 2CM0% [52,53]. 
Fewer than 20% of patients also demonstrate a left ventricular outflow tract gra- 
dient, due to basal septal hyperkinesis and transient systolic anterior motion of 
the anterior leaflet of the mitral valve [50,52,55]. 

Patients with TABS often present critically ill, with pulmonary edema, 
hypotension, and shock. Cardiogenic shock develops due to marked left ven- 
tricular systolic dysfunction and decreased stroke volume. Shock can also be 
exacerbated by the development of a left ventricular outflow tract gradient [56]. 
Cardiogenic shock has been reported in 5% of patients at presentation and has 
occurred during the course of the illness in 6-46% of patients in different series 
[50,52-54,57]. 

Suspicion of TABS and urgent diagnosis are important, as therapy and prog- 
nosis differ substantially from AMI. TABS should not be treated with throm- 
bolytic therapy, as coronary occlusion is not involved in the pathogenesis. If car- 
diogenic shock develops, treatment with IABP is indicated. Inotropic therapy 
should be used judiciously. Dobutamine and other beta agonists may worsen 
cardiogenic shock by increasing hyperkinesis of the basal portion of the heart 
and causing or aggravating a left ventricular outflow tract gradient. There have 
been several case reports of patients with TABS with hypotension who develop 
frank cardiogenic shock after initiation of inotropic therapy. Because a hypera- 
drenergic state has been proposed to be a major pathogenic mechanism, empiric 
use of beta-blockers while patients are being supported with IABP has been rec- 
ommended and has been used successfully. Echocardiography can be useful to 
guide therapy. For those with extensive wall motion abnormalities but no out- 
flow obstruction, IABP support without beta-blockers is recommended. In the 
absence of an outflow tract gradient, inotropic therapy can be utilized, starting 
at low doses with careful monitoring of the response. Administration of the 
alpha agonist phenylephrine can also be considered in cases with a high left 
ventricular outflow tract gradient, as this drug increases afterload, causing left 
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ventricular dilatation and a decrease in mitral valve systolic anterior motion 
and lowering of intraventricular gradients [55]. 

Although many patients with TABS are elderly with significant concomi- 
tant disease, aggressive therapy of hemodynamic compromise and cardiogenic 
shock is indicated because TABS is associated with a good prognosis. In almost 
all patients, the marked apical wall motion abnormalities begin to improve 
within days, and left ventricular function can be expected to recover to normal 
over several weeks. Follow-up of patients in various series has shown improve- 
ment of left ventricular ejection fraction to normal in the subacute phase. 
In-hospital mortality in larger series has been reported at 0-4% [50,52-54,57,58]. 
The large majority of survivors will recover completely with normal functional 
status. 

The pathogenesis of TABS is unknown. Transient multivessel coronary spasm 
has been proposed, but this has not been demonstrated at the time of acute coro- 
nary angiography in the vast majority of patients. In most patients, the extent of 
left ventricular wall motion abnormality is larger than the distribution of a single 
coronary artery [50,51]. In our judgment, a hyperadrenergic state, precipitated 
by acute stress and causing myocardial stunning, is the most attractive hypoth- 
esis. Cardiac MRI has not shown evidence of infarction or myocarditis [59]. 
One study documented supraphysiologic levels of catecholamines and stress 
neuropeptides in patients during the acute phase of TABS, with levels higher 
than in patients with AMI. These levels remained markedly elevated 1 week 
later. Adrenal and sympathoneuronal hyperactivity has been proposed, and the 
apex of the left ventricle may be more sensitive than other left ventricular wall 
segments to the deleterious effects of adrenergic hyperstimulation [53]. 

TABS has been reported to occur in approximately 1.7-2.2% of admissions 
for acute coronary syndrome in Japan [57,59] and 2% of cases of acute heart 
failure due to acute coronary syndrome. TABS may be more common than 
currently recognized. Correct diagnosis is more likely to be made in centers 
where emergency coronary angiography is used in the treatment of acute coro- 
nary syndrome, and where primary percutaneous coronary intervention is the 
preferred treatment strategy for ST-segment elevation myocardial infarction. 

In summary, TABS should be suspected in patients who present with symp- 
toms and ECG findings consistent with AMI, who have a large apical wall 
motion abnormality seen on echocardiography or left ventriculography, and 
whose symptoms were precipitated by severe emotional or physical stress. Diag- 
nosis is confirmed when urgent cardiac catheterization and coronary angiogra- 
phy demonstrate no significant coronary artery occlusion or stenosis. 

The long-term prognosis is good. In one series, only 2 out of 72 patients had 
recurrence of TABS within 13 months [52]. In another series, the recurrence 
of TABS was calculated at 2.9% per year. Over a 4-year follow-up, long-term 
survival of patients who recovered from TABS was equivalent to sex-and age- 
matched control groups without a history of TABS [58]. 
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Peripartum cardiomyopathy 

Peripartum cardiomyopathy is defined as left ventricular systolic dysfunction 
that occurs during the last month of pregnancy or within the first 5 months 
postpartum. No preexisting cause of heart failure is present and no other etiol- 
ogy of cardiomyopathy is evident [60]. Cardiomyopathy can occur earlier in the 
course of pregnancy which does not meet the standard definition of this illness. 
However, the presentation and outcomes of patients with cardiomyopathy of 
earlier onset in pregnancy are similar to those who present later, and may actu- 
ally be a continuum of pregnancy-associated cardiomyopathy [61]. The cause 
of peripartum cardiomyopathy is unknown. Myocarditis is evident on EMB in 
a minority of patients, and patients manifesting myocardial inflammatory cells 
should be treated for myocarditis as described earlier. Immune-mediated injury 
initiated by maternal reaction to fetal cells has been postulated [62]. 

The differential diagnosis of severe heart failure secondary to peripartum 
cardiomyopathy includes severe hypertension, sepsis, fluid overload, throm- 
boembolic disease, acute spontaneous coronary artery dissection, amniotic fluid 
embolus, and heart failure secondary to preexisting rheumatic heart disease [62] . 
The incidence is estimated at approximately 1 in 5,000 deliveries in the U.S., but 
may be higher in Africa and Haiti [62,63]. Risks for developing peripartum 
cardiomyopathy include older age of the mother, multifetal pregnancy, and the 
presence of hypertension or pre-eclampsia [64]. 

Women with peripartum cardiomyopathy usually present with signs and 
symptoms of severe heart failure. Other presentations include cardiogenic 
shock, supraventricular and ventricular arrhythmia, and cardiac arrest [65]. 
With medical management, approximately 54% of patients will have reso- 
lution of cardiomyopathy, a rate of improvement better than that of other 
causes of dilated cardiomyopathy. In older literature, a 20-50% mortality rate 
was described. However, more recent studies report mortality in the range of 
8-27% [61,62]. In a series of 55 patients with peripartum cardiomyopathy, 62% 
experienced improvement in left ventricular function and 45% had recovery to 
normal. Recovery was usually seen within 2 months of diagnosis and institution 
of therapy. However, 25% of patients had no improvement in left ventricular 
function, and 13% experienced deterioration. There were no deaths in this series 
[64] . Recovery of left ventricular function was more likely if left ventricular ejec- 
tion fraction was >30% at diagnosis, or if left ventricular diameter was <5.6 cm 
[61,64]. The prognosis is not good for patients in whom left ventricular function 
does not improve. 

The treatment of peripartum cardiomyopathy includes treatments shown to 
be effective in other forms of heart failure due to dilated cardiomyopathy. 
Sodium restriction, beta-blockers, diuretic therapy, and digoxin are used. 
The use of angiotensin-converting enzyme inhibitors and angiotensin-receptor 
blockers is contraindicated during pregnancy because of the risk of teratogenic 
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effects, but they can be instituted in the postpartum period. The combination 
of hydralazine and nitrates can be used during and after pregnancy. The inci- 
dence of thromboembolic complications is high, and anticoagulation therapy 
should be prescribed in women with significant reduction in left ventricular 
ejection fraction. Heparin should be used during pregnancy, and warfarin can 
be instituted postpartum [60,66]. 

Although patients with peripartum cardiomyopathy often have severe heart 
failure, cardiogenic shock is rare. The use of aggressive vasodilator and inotropic 
therapy for heart failure is indicated. For patients who do not improve with 
aggressive pharmacologic therapy, IABP or VADs can be used [67,68]. In one 
series, VAD therapy was used in 4% of patients as a bridge to transplanta- 
tion, and 10% of patients underwent cardiac transplantation [64]. Favorable 
outcomes after cardiac transplantation for patients with peripartum cardiomy- 
opathy have been reported [69,70]. 

Hypertrophic cardiomyopathy 

HCM is a genetic cardiac disease, present in approximately 0.2% of the gen- 
eral U.S. population. It is the most common genetic cardiac disease. HCM is 
defined as left ventricular hypertrophy, with wall thickness >15 mm, with a 
nondilated left ventricle, in the absence of other disorders capable of producing 
similar degrees of left ventricular wall thickening [71]. It is caused by a genetic 
mutation that affects sarcomeric proteins. It is often inherited in an autosomal 
dominant pattern, with incomplete penetrance. Sporadic cases also occur. Many 
different genetic mutations have been identified. The phenotypic expression of 
the disease varies widely [72]. 

HCM is diagnosed by echocardiography. Typical features include left ventric- 
ular hypertrophy, which may be either concentric or asymmetric. Left ventric- 
ular chamber size is normal, and systolic function is normal or hyperdynamic. 
There often is obstruction to flow at the level of the left ventricular outflow 
tract, resulting in left ventricular outflow gradients. This is caused by abnormal 
anterior motion of the anterior mitral valve leaflet in systole, with abnormal 
coaptation of the leaflet with the basal portion of intraventricular septum. A left 
ventricular outflow tract gradient is present at rest in approximately 25-40% of 
patients and can be provoked by exercise in another 33% [71,73]. 

MRI can be used to assess the location and extent of left ventricular hyper- 
trophy in HCM. Patchy gadolinium hyperenhancement correlates with areas of 
increased wall thickness and decreased contraction. A greater extent of hyperen- 
hancement is seen in patients with left ventricular dilatation and lower ejection 
fraction, and increased collagen is seen in these areas histologically [74]. 

HCM usually becomes clinically apparent after childhood, sometimes not 
until middle or older age. HCM can manifest itself at any age and may worsen 
or improve with time. Many patients have no clinical manifestations and their 
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cardiomyopathy may go undetected [72]. Patients with HCM can present with 
symptoms of chest pain, dyspnea, or syncope. The overall annual mortality is 
1%. Up to 20-25% of patients with HCM may develop NYHA class III-IV heart 
failure, and heart failure is more common in elderly patients with HCM. Sudden 
cardiac death can occur [71,72]. 

Different mechanisms can be responsible for the development of heart fail- 
ure in patients with HCM. Ischemia can occur without atherosclerotic coronary 
obstruction, due to marked left ventricular wall thickening and abnormal thick- 
ening and narrowing of intramural coronary arteries. Marked left ventricular 
outflow tract obstruction and high outflow tract gradients increase left ven- 
tricular wall tension and afterload. The presence of a left ventricular outflow 
tract gradient at rest is associated with a four-fold increased risk of developing 
heart failure [71]. Diastolic dysfunction is also common. Atrial fibrillation can 
precipitate heart failure, due to the loss of the contribution of atrial systole to 
cardiac output, especially in hypertrophied ventricles with abnormal filling pat- 
terns. Over time, a minority of patients experience ventricular remodeling and 
develop findings typical of a dilated cardiomyopathy with diffuse hypokinesis, 
left ventricular chamber dilatation, and reduced systolic function [72]. 

Cardiogenic shock can occur in patients with HCM due to acute worsen- 
ing of left ventricular outflow tract obstruction. Five patients were reported 
who developed cardiogenic shock, either after physical stresses (hip surgery, 
barium enema) or administration of nitrate medication. All five patients had 
left ventricular hypertrophy and high outflow tract gradients (60-144 mm Hg) 
and hyperdynamic wall motion, although two patients also had apical wall 
motion abnormalities [75]. Another report described an elderly woman with 
echocardiographic features of HCM with left ventricular outflow tract obstruc- 
tion and severe mitral regurgitation, who presented with shortness of breath 
and cardiogenic shock, also worsened by nitrate administration [76]. These 
patients did not improve or even worsened with standard inotropic therapy 
of cardiogenic shock. Shock resolved in all patients after cessation of inotropic 
agents and institution of intravenous fluids and beta-blockers. Another case 
report described cardiogenic shock in an elderly man after major surgery, in 
the presence of hyperdynamic left ventricular motion and a left ventricular 
outflow tract gradient, who recovered with intravenous administration of vera- 
pamil [77]. Administration of the alpha-agonist phenylephrine may be useful in 
cases of profound hypotension to relieve left ventricular outflow tract obstruc- 
tion. Thus, complications of HCM in elderly patients, who were previously 
asymptomatic, can be precipitated by acute changes in left ventricular loading 
conditions. The occurrence and severity of left ventricular outflow tract obstruc- 
tion is a dynamic process in HCM and can be aggravated by inotropic drugs, 
which increase contractility and worsen outflow tract gradients. Nitrates can 
also worsen the gradient by reducing preload and afterload and reducing left 
ventricular chamber size. Beta-blockers decrease contractility and heart rate, 
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increase stroke volume and left ventricular filling, and effectively treat this eti- 
ology of cardiogenic shock. Verapamil also decreases contractility and heart 
rate, but there is a risk of excessive systemic vasodilation and hypotension. 

Severe heart failure can also occur in HCM due to extensive left ventricular 
remodeling, termed the "end-stage" or "dilated-hypokinetic" phase of HCM 
[78]. Rather than hyperdynamic left ventricular systolic function, these patients 
develop global systolic dysfunction with ejection fraction <50%. Half of these 
patients show decreasing left ventricular wall thickness and increased left ven- 
tricular chamber size. Other morphologic patterns include a dilated, hypoki- 
netic left ventricle with persistent hypertrophy, and left ventricular hypokinesis 
with normal chamber size with varying degrees of wall thickness [78]. Left 
ventricular outflow tract gradients are not present in this stage of the condi- 
tion. Pathology shows evidence for septal and left ventricular free wall fibrosis 
[79,80]. 

This end-stage phase of HCM develops gradually. A more prolonged time 
from initial diagnosis of HCM to the development of the dilated phase was 
noted (average time 14 years), in comparison to HCM patients without left ven- 
tricular dilatation. Only a minority of patients with HCM, reported at 3.5-5%, 
will develop this phase. It is estimated to occur at a rate of 0.5-0.9% per year 
[73,78,79]. 

As left ventricular ejection fraction falls, patients are at high risk for develop- 
ing atrial fibrillation, class III-IV heart failure, and sudden cardiac death. The 
prognosis of patients with end-stage phase of HCM is poor, with average time 
to death or cardiac transplantation of 2.7-5 years. Annual mortality is reported 
at 11%, and 5-year survival without transplantation is 75% after diagnosis of the 
dilated phase of HCM [78-81]. These patients have severe heart failure, often at 
higher left ventricular ejection fractions compared with patients with primary 
dilated cardiomyopathy who have a similar clinical severity of heart failure. 

When patients evolve from typical structural and clinical manifesta- 
tions of HCM to the end-stage, dilated phase, medical therapy should be 
altered. Beta-blockers should be continued, but calcium channel blockers and 
disopyramide should be discontinued. Therapy with angiotensin-converting 
enzyme inhibitors, angiotensin receptor blockers, aldosterone antagonists, and 
hydralazine-nitrate combinations should be used as indicated. Atrial fibrilla- 
tion should be aggressively controlled with restoration of sinus rhythm when 
possible. The development of the end-stage phase of HCM is the most common 
indication for transplantation in patients with this cardiomyopathy [78]. 

Restrictive cardiomyopathies 

The restrictive cardiomyopathies are disorders of heart muscle with a primary 
abnormality of diastolic filling. In these conditions, ventricular relaxation and 
compliance are abnormal, and small increases in ventricular volume in diastole 
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result in abnormally rapid and marked rises in pressure. Ventricular chamber 
sizes are normal and wall motion and systolic function are usually preserved. 
The atria are dilated [82,83]. Signs and symptoms of right or left ventricular 
failure may predominate. Cardiogenic shock is an uncommon mode of presen- 
tation in these cardiomyopathies, usually occurring at the end-stage of chronic 
heart failure. 

A variety of conditions can cause restrictive cardiomyopathy. Infiltra- 
tive diseases include amyloidosis, sarcoidosis, and Gaucher 's disease. Stor- 
age diseases that can affect the heart include hemochromatosis and Fabry's 
disease. Endomyocardial diseases, such as the cardiomyopathy of the hypere- 
osinophilic syndrome, endomyocardial fibrosis, and carcinoid heart disease, can 
cause restriction. Idiopathic, familial restrictive cardiomyopathy has also been 
described. 

Amyloidosis 

Amyloidosis is an illness characterized by extracellular deposition of insoluble 
abnormal proteins that lead to organ dysfunction [84]. More than 24 differ- 
ent amyloid proteins have been identified; these are indistinguishable by light 
microscopy [85]. Normal myocardial contractile elements are replaced by amy- 
loid protein resulting in restrictive cardiomyopathy. Left ventricular systolic 
dysfunction may occur late in the course of the disease [86]. 

Amyloidosis is classified into systemic AL amyloidosis, hereditary systemic 
amyloidosis (ATTR), and senile systemic amyloidosis. Cardiac involvement is 
common in these three types. Systemic AA amyloidosis, which occurs as a 
complication of inflammatory diseases, rarely results in cardiac illness [84]. 

AL amyloidosis accounts for 85% of newly diagnosed cases. Fifty percent 
of AL cases have clinical evidence of heart involvement, and two-thirds show 
abnormalities on echocardiography. The amyloid protein in AL is derived from 
monoclonal immunoglobulin light chains, either from a B cell dyscrasia or a 
benign monoclonal gammopathy [84]. The prognosis of AL amyloidosis with 
cardiac involvement is poor, with 40% survival at 2 years after cardiac involve- 
ment is identified and <6 months in patients with heart failure [86]. 

In ATTR amyloidosis, the amyloid protein is made up of a genetically mutated 
transport protein, transthyretin, which is produced by the liver. Cardiac involve- 
ment is common and may predominantly affect the conduction system. The 
prognosis of cardiac ATTR amyloidosis is better than AL amyloidosis [87]. 

Senile systemic amyloid (SSA) most often occurs in patients over age 70 years 
and is associated with a better prognosis than AL or ATTR forms. The median 
survival is 5 years [88]. It represents 2% of diagnosed cases of cardiac amyloid, 
but mild forms are more common and may not be recognized clinically. In SSA, 
the amyloid protein is a nonmutant transthyretin. 
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Cardiac amyloidosis most often presents with heart failure, and signs of right 
ventricular failure often predominate. Dizziness and syncope are common, due 
to autonomic dysfunction with orthostatic hypotension or heart block. ECG 
classically shows low voltage and pseudo-infarction patterns. Atrial fibrillation 
and flutter are seen in 7-25% of cases [84] . Characteristic findings on echocardio- 
graphy include marked thickening of the left ventricle with a speckled, granular 
appearance. Diastolic dysfunction is seen on Doppler evaluation. The left ven- 
tricle is not dilated, and both atria are dilated. Thickening of cardiac valves 
and interatrial septum and small pericardial effusions are seen. The combina- 
tion of marked left ventricular wall thickening and low voltage on ECG should 
strongly suggest this diagnosis [84]. 

The diagnosis of AL amyloidosis is made by demonstrating monoclonal light 
chains in serum or urine. All forms of systemic amyloidosis require tissue biopsy 
for diagnosis, and the amyloid protein can be found in biopsies of abdominal 
fat, buccal mucosa, kidney, or rectum. EMB may be required in cases with only 
cardiac involvement [89]. 

Medical therapy of heart failure due to cardiac amyloidosis is limited. Diuret- 
ics are used for edema and pulmonary congestion [83]. Large doses may be 
needed if patients also have edema due to kidney involvement and nephrotic 
syndrome. Because patients with amyloid cardiomyopathy frequently have 
hypotension and orthostasis, ACE-inhibitors and nitrates need to be used judi- 
ciously and are often poorly tolerated [87,89]. The use of beta-blockers is also 
problematic due to bradycardia and hypotension. Calcium channel blockers 
and digoxin are contraindicated, as digoxin is bound to amyloid protein and 
can result in digoxin toxicity despite therapeutic serum levels of the drug. Low- 
dose dopamine may be used to aid diuresis. There are no data available on the 
use of inotropic agents in amyloid cardiomyopathy with shock [87]. Patients 
in atrial fibrillation require anticoagulation. Pacemaker therapy is indicated to 
treat persistent bradycardia or heart block, although pacing likely does not 
prolong survival [85]. There are no data available on the use of biventricular 
pacemakers or implantable cardioverter defibrillators (ICDs). 

In patients with AL cardiomyopathy, heart transplantation combined with 
chemotherapy and stem cell therapy can prolong survival in selected patients, 
with reported 60% survival at 2 years. ATTR cardiac amyloidosis has been 
treated with cardiac transplantation with or without liver transplantation [86]. 

Sarcoidosis 

The myocardium is involved in >25% of cases of sarcoidosis in the U.S. and 
is the cause of death in 13-25% of these cases [90]. Myocardial sarcoidosis is a 
difficult diagnosis to make, as only 40-50% of patients with cardiac sarcoid at 
autopsy demonstrated clinical cardiac manifestations. Only 14% of patients will 
have abnormalities on echocardiography. Most patients with diagnosed cardiac 
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sarcoidosis have conduction system disease or arrhythmia, including complete 
heart block in 23-30%, ventricular tachycardia in 23%, and supraventricular 
tachycardia in 15%. Sudden death accounts for two-thirds of patients who die 
from cardiac causes [91]. A 60% 5-year survival is reported [92]. 

Heart failure accounts for 25% of deaths from cardiac sarcoidosis [90]. 
Myocardial infiltration with noncaseating granulomas and myocardial fibro- 
sis results in dilated cardiomyopathy, left ventricular aneurysms, restrictive 
cardiomyopathy, or valve regurgitation [93]. EMB offers a diagnostic sensitivity 
of only 20-30% due to patchy involvement. Diagnosis of cardiac sarcoidosis 
using noninvasive testing is difficult, although preliminary results with PET 
scanning and CMR are promising [90,93]. 

The treatment of heart failure includes standard medical therapies, including 
diuretics, beta-blockers, and ACE-inhibitors. For patients with serious arrhyth- 
mias, amiodarone and ICDs are indicated. Cardiac surgery is often indicated for 
treatment of left ventricular aneurysms or severe valve disease. Expert opinion 
favors the use of corticosteroids, although this may not be effective in reducing 
arrhythmias [90,93]. 

Hypereosinophilic syndrome 

Hypereosinophilic syndrome (HES) is a lymphoproliferative disease of 
unknown cause. Infiltration with eosinophils occurs in many organs, and car- 
diac involvement is most common and is the major determinant of morbidity 
and mortality [94]. Patients with cardiac involvement present with heart failure, 
chest pain, and systemic emboli, including stroke. 

Cardiac pathologic findings in HES are endocardial fibrosis, myocarditis with 
eosinophil infiltration, and mural thrombus in right and left ventricles [95,96]. 
Heart failure occurs due to restrictive cardiomyopathy. Severe mitral regurgi- 
tation may also occur as a result of fibrosis of papillary muscles and subleaflet 
structures. Echocardiographic findings include left ventricular wall thickening, 
right ventricular and left ventricular apical thrombosis, restricted mitral valve 
leaflet motion, and pericardial effusion. Left ventricular ejection fraction is usu- 
ally normal [97] . Serial echocardiograms at 6-month intervals are recommended 
as the heart may become involved after the initial diagnosis of HES is made, 
and cardiac abnormalities will worsen. 

Therapy with corticosteroids is indicated in patients with myocardial disease 
[98]. Hydroxyurea and other chemotherapies can also be used. Anticoagulation 
is indicated in the presence of cardiac mural thrombosis or if an embolic event 
has occurred. Emboli may not be effectively prevented with warfarin, and the 
addition of antiplatelet agents should be considered [95]. 

Cardiac surgery has been performed in patients with severe mitral or tricus- 
pid valve regurgitation. There is a high incidence of thrombosis of mechanical 
prostheses and valve repair, so the use of a bioprosthesis is recommended [95]. 
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Primary restrictive cardiomyopathy 

In a series of ninety-four patients with idiopathic restrictive cardiomyopathy 
seventy-two percent were over age 60 years. Patients presented with heart fail- 
ure most commonly and 28% were in functional class III or IV. Atrial fibrillation 
was present in 74%. EMB revealed cardiac fibrosis in 80% [82]. 

Five-year survival was 64%, with heart failure accounting for 47% of deaths. 
Treatment is not well defined. Careful use of diuretics, maintenance of sinus 
rhythm, and optimal control of atrial fibrillation are important. Four patients 
underwent cardiac transplantation. 

Thyrotoxicosis 

Hyperthyroidism is associated with significant alterations in hemodynamics. 
Increases of heart rate, blood volume, stroke volume, and left ventricular ejec- 
tion fraction are seen. Cardiac output may be two to three times above normal. 
Vasodilation occurs and systemic vascular resistance may be as low as 50% of 
normal. Absence of left ventricular contractile reserve during exercise has been 
reported [99]. These physiologic changes rarely result in the development of 
heart failure, which has been reported in 6% of thyrotoxic patients. 

Thyrotoxicosis can cause a true cardiomyopathy with decreased left ventric- 
ular contractility, left ventricular enlargement, and reduced ejection fraction 
[100-102]. The pathophysiology of this cardiomyopathy is not clear. Proposed 
mechanisms are prolonged tachycardia (tachycardia-induced cardiomyopa- 
thy), decreased renal blood flow resulting in overactivation of the renin- 
angiotensin system, or aggravation of pre-existing hypertensive or coronary 
heart disease. 

Thyrotoxic cardiomyopathy is usually reversible and the prognosis is favor- 
able. Beta-blockers are started early to control tachycardia and to treat the 
systemic effects of hyperthyroidism. Control of rapid heart rates is essential. 
Diuretics and ACE-inhibitors are also recommended. Anti-thyroid medications 
such as propylthiouracil or methimazole are indicated to treat the primary disor- 
der. Electrical cardioversion of atrial fibrillation or flutter should be performed 
once patients are euthyroid. 

Conclusion 

Although severe acute heart failure and cardiogenic shock are most often caused 
by AMI, recognition of less common etiologies is important. These conditions 
have unique pathophysiologies and often have characteristic presentations that 
can aid in proper diagnosis. Many of these noninfarction causes of cardiogenic 
shock are reversible. Rapid institution of specific therapies is often life-saving, 
and the longer term prognosis may be quite favorable after recovery from the 
acute, severe phase of the disease. 
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Chapter 9 



The role for mechanical circulatory 
support for cardiogenic shock 

Joseph G. Rogers and Carmelo A. Milano 



Heart failure remains a common cause of cardiovascular death in industrial- 
ized countries, and the incidence will increase as the population ages and novel 
strategies are developed for managing ischemic heart disease, congenital heart 
disease, and left ventricular (LV) dysfunction [1-3]. With increasing frequency, 
patients survive devastating myocardial injury but are left with residual ventric- 
ular dysfunction and symptomatic heart failure. At the extreme end of this spec- 
trum are individuals with both acute and chronic heart failure whose cardiac 
dysfunction precludes adequate end-organ perfusion, resulting in symptoms at 
rest and with trivial activity. 

The chasm that exists between our recognition of cardiogenic shock and our 
ability to effectively manage it with standard therapies has led to the develop- 
ment of alternative mechanical therapies, including intraaortic balloon coun- 
terpulsation (IABP), temporary percutaneous mechanical circulatory support 
devices, extracorporeal membrane oxygenators (ECMOs), and implantable left 
ventricular assist devices (LVADs). Cardiac transplantation is another mechan- 
ical treatment for cardiogenic shock, but the shortage of suitable donor organs, 
prolonged waiting times, patient age, and the comorbidities associated with 
ischemic heart disease renders transplant an impractical treatment for the major- 
ity of patients with cardiogenic shock. 

This chapter reviews the use of mechanical treatments to support the circu- 
lation in patients with acutely decompensated chronic heart failure as well as 
cardiogenic shock complicating acute myocardial infarcation. At present, the 
dataset and guideline based recommendations supporting the role of mechan- 
ical circulatory support (MCS) in the management of cardiogenic shock is 
limited. 
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Table 9.1 Clinical and hemodynamic characteristics of patients considered for 
mechanical circulatory support. 

Clinical Profile 

• Severe LV dysfunction with an ejection fraction <25% 

• New York Heart Association Class IV symptoms 

• End-organ hypoperfusion (particularly renal insufficiency) 

• Treatment with intravenous inotropic support 

Hemodynamic Profile 

• Systemic hypotension (systolic blood pressure <90 mm Hg) 

• Elevated right and left heart filling pressures 

• Pulmonary arterial hypertension* 

• Elevated systemic vascular resistance 

• Cardiac index < 2.0 L/min/m 2 




*In shock, with low cardiac output, pulmonary artery pressure may not be elevated. 



Patient selection for mechanical circulatory support 

The profile of patients considered for MCS is shown in Table 9.1. In our experi- 
ence, it has been useful to define patient-specific hemodynamics with invasive 
measurement to guide targeted pharmacotherapy before considering mechani- 
cal support. Aggressive attempts should be made to optimize the volume status 
and cardiac output using combinations of preload reducing agents (diuretics, 
nitroglycerin), afterload reducing agents (oral vasodilators such as ACE- 
inhibitors and hydralazine or intravenous preparations such as sodium nitro- 
prusside), and inotropic support (milrinone and dobutamine). The hypotensive 
patient should be appropriately volume resuscitated. If hypotension persists 
despite euvolemia or evident volume overload, dopamine may provide suffi- 
cient vasoconstriction to maintain end-organ perfusion. The patient's response 
to these therapeutic maneuvers should be rapidly assessed, and individuals not 
responding should be referred for mechanical circulatory assistance (Fig. 9.1). 
The stepwise approach outlined uses less invasive devices, such as IABP and 
percutaneous VADs as first-line therapy. If the patient does not derive hemo- 
dynamic support sufficient to maintain end-organ function and a sustainable 
cardiac output, additional mechanical support should be employed based on 
the likelihood of recovery of ventricular function and the options for more 
advanced heart failure therapies. 

If time permits, other critical issues should be addressed, including sup- 
plemental nutrition, particularly in the cachectic chronic heart failure popula- 
tion who frequently present with biochemical evidence of malnutrition includ- 
ing low serum levels of albumin, prealbumin, transferrin, and trace elements. 
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Patients with Cardiogenic Shock 



PAC 



Optimize volume status, pharmacotherapy 
including vasodilators and inotropic agents 



Remains hypotensive, elevated cardiac filling pressures, low 
cardiac output, urine output <30 cc/hr; MCS candidate 



IABP or percutaneous VAD 



Continue 


Adequate response and 


Inadequate response and 


support 


likely to recover 


likely to recover 



Paracorporeal VAD 
'or ECMO 



Inadequate response, unlikely to recover 
1 

Transplant candidate ? 



jYes and stable 

List for transplant, consider 
surgically implanted LVAD/BiVAD 



Yes and unstable 



List for transplant + 

surgically implanted LVAD/BiVAD 



No 



DT LVAD 



Fig. 9.1 Approach to the patient in cardiogenic shock who requires mechanical support. 
Abbreviations: PAC, pulmonary artery catheter; IABP, intra-aortic balloon pump; VAD, 
ventricular assist device; ECMO, extracorporeal membrane oxygenator; LVAD, left 
ventricular assist device; BiVAD, biventricular assist device; DT, destination therapy 
(ineligible for transplantation); MCS, mechanical circulatory support. 



A recent analysis of risk factors for mortality following LVAD implantation 
demonstrated that metrics of inadequate nutrition are strong predictors of early 
postoperative mortality [4]. 



Mechanical therapies for heart failure 

Multiple mechanical options exist for the patient with severe heart failure who 
is refractory to medical therapy [5]. One of the clinical challenges is matching 
the patient to the mechanical support strategy. Clinicians must make this deci- 
sion based on several factors, including the anticipated duration of support, the 
possibility of myocardial recovery, the perceived need for single- or biventric- 
ular support, and the need for partial or complete replacement of ventricular 
function. 



Intra-aortic balloon pump 

Since the conception and testing of the IABP nearly 50 years ago, use of this 
simple and effective device has grown and the results have improved [6,7]. 
The IABP is inserted via the femoral artery into the descending thoracic aorta 
just distal to the left subclavian artery and above the level of the renal arteries. 
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Table 9.2 Physiologic effects of IABP support. 


Physiologic change 


Mechanism 


Reference 


Enhanced coronary 


• Balloon inflation during diastole 


8 


blood flow 


increases rntraaortic pressure and 






coronary perfusion 






• The mean arterial pressure increases as 


9-11 




a result of a greater increase in the 






diastolic pressure than reduction of the 






systolic pressure 






• The absolute change in coronary 


12 




perfusion is dependent on 






vasoregulation 




Left ventricular 


• Displacement of blood into the 


11 


unloading 


peripheral circulation 






• Reduction of systolic blood pressure 


9,10 




• Reduction of left ventricular 


9,11 




end-diastolic pressure 






• Reduced left ventricular wall stress 


12 




• Reduced left ventricular oxygen 


9,12 




consumption 




Improved cardiac 


• Preserved or increased stroke volume 


11 


output 








• Increased cardiac output as a result of 


13 




afterload reduction 





It provides hemodynamic support via inflation during cardiac diastole and 
deflation during systole. Beneficial hemodynamic effects and improvements 
in coronary blood flow have been demonstrated with proper use (Table 9.2). 
The IABP must be correctly timed in the cardiac cycle to achieve maximal 
hemodynamic benefit. Early inflation or late deflation results in expansion of 
the balloon during systole, thereby increasing LV afterload, lowering cardiac 
output, and increasing myocardial oxygen consumption and cardiac work. Late 
inflation and early deflation of the balloon decrease the hemodynamic benefits 
of proper timing with a decrease in maximal afterload reduction (Fig. 9.2). Prior 
to insertion the patient should be assessed to ensure that no contraindications 
to IABP support are present, including severe femoral-iliac-aortic vascular 
disease, moderate-severe aortic insufficiency, or a significant bleeding diathesis. 
It is also important to prospectively consider the end-point for IABP therapy, 
including progression to LVAD or cardiac transplantation if the patient does 
not experience sufficient myocardial recovery to sustain hemodynamic stability 
and end-organ function. 
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Normal timing of the IABP (arrow) with inflation at the 
dicrotic notch (DN) and good diastolic augmentation 
(DA). Unassisted end-diastolic pressure (Dl) is higher 
than assisted end-diastolic pressure (D2). Assisted peak 
systolic pressure (S2) is lower than unassisted peak 
systolic pressure (SI). 



Early inflation — rapid rise in diastolic 
pressure with dicrotic notch after IABP 
inflation; causes increased afterload. 




Late inflation — prolonged dip before a 
decreased diastolic augmentation reduces 
effectiveness. 



DA 




Early deflation — prolonged dip of assisted 
end-diastolic pressure and no decrease in 
assisted systolic pressure; no afterload 
reduction. 



DA 




Dl 



Late deflation — the assisted end-diastolic 
pressure is higher than the unassisted 
end-diastolic pressure; causes increased 
afterload. 



Fig. 9.2 Timing the IABP. (Reprinted with permission from Santa-Cruz RA, Cohen MG, 
Ohman EM. Cathet Cardiovasc Intern 2006;67:68-77.) 



The IABP is intended for short-term support (hours to days) and is most com- 
monly used to support patients with cardiogenic shock due to acute myocardial 
infarction, as an adjunct to percutaneous coronary interventions, as a treat- 
ment for perioperative hemodynamic instability following cardiac surgery, and 
for the treatment of unstable angina [14]. The AHA/ACC Practice Guidelines 
on the management of ST elevation myocardial infarction support the use of 
IABP in patients with the following characteristics: persistent hypotension or a 
low-output state after appropriate pharmacotherapy has been employed, recur- 
rent ischemic chest pain, hemodynamic instability, significantly depressed LV 
function, and a large amount of myocardium at risk [15]. These guidelines 
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also recommend consideration of IABP support in acute myocardial infarction 
complicated by refractory polymorphic ventricular tachycardia and pulmonary 
congestion. 

There is an extensive literature supporting the use of aortic counterpulsation 
in a variety of clinical settings. The use of the IABP as an adjunct to fibrinolytic 
therapy has been shown to improve infarct-related artery patency rates [16- 
18] and provide hemodynamic stability, although similar benefits may not be 
as pronounced in individuals undergoing percutaneous coronary intervention 
(PCI) [19]. Improvements in other outcomes, including mortality, appear to be 
strongly dependent on patient selection and concomitant therapies. Van't Hof 
randomized 238 patients who were primarily Killip class I undergoing primary 
PCI to receive adjunctive IABP or standard care [20]. The primary endpoint of 
death, nonfatal reinfarction, stroke, or ejection fraction of <30% at 6 months 
was equivalent in both groups. In contrast, Ohman recently demonstrated that 
patients with acute myocardial infarction complicated by hypotension and evi- 
dence of significant left ventricular dysfunction (Killip III/IV) treated with 
fibrinolytic therapy derived a survival advantage from early institution of IABP 
support compared with those treated with fibrinolysis alone (80% vs. 39%, P 
= 0.05) [21]. The SHOCK registry reported the outcomes of 856 acute myocar- 
dial infarction patients treated with or without an IABP as an adjunct to fib- 
rinolytic therapy [22]. Patients treated with an IABP had lower in-hospital 
mortality than those who did not (50% vs. 72%, P < 0.001); however, this 
improvement was confounded by a higher frequency of revascularization in 
those treated with an IABP. The SHOCK trial randomized 302 patients with an 
acute myocardial infarction to receive either early revascularization or a period 
of stabilization followed by revascularization [23]. An IABP was used in 86% 
of patients in both arms of the trial. There was no difference in 30-day mor- 
tality between these management strategies; 6-month mortality was lower in 
the patients treated with early revascularization (50.3% vs. 63.1%, RR = 0.80, 
P = 0.027), and the relatively low overall mortality rates in this critically ill 
population were attributed to advances in adjunctive therapies, including the 
aggressive use of the IABP. The recently published National Registry of Myocar- 
dial Infarction 2 (NRMI 2) assessed IABP efficacy in 23,180 patients with acute 
myocardial infarction complicated by cardiogenic shock [24]. The overall mor- 
tality of this population was 70%. The IABP reduced mortality of patients receiv- 
ing thrombolytic therapy (OR 0.80, 95% CI 0.72-0.93, P < 0.01) but did not 
impact mortality in those treated with primary PCI. A separate analysis of the 
same dataset demonstrated a reduction in acute myocardial infarction mortality 
complicated by cardiogenic shock in high-volume IABP centers and that IABP 
use in selected patients independently predicted lower mortality, a relationship 
that persisted after correction for revascularization procedures [25]. A prelim- 
inary report of a small randomized trial that was not powered to examine 
outcomes did not demonstrate an improvement in the APACHE II score, which 
was the primary endpoint, when IABP was inserted after primary PCI in a 
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cardiogenic shock cohort that had persistent shock despite PCI [26]. A recent 
meta-analysis of seven randomized trials (N = 1009) using IABP in ST-elevation 
myocardial infarction failed to demonstrate improvement in 30-day mortality 
or ejection fraction, although the majority of patients were not in cardiogenic 
shock in those trials [27]. Appropriately designed and powered randomized 
trials are needed to define the relative risks and benefits associated with IABP 
in the treatment of cardiogenic shock [28]. 

The risks of IABP support in a contemporary cohort were presented in the 
Benchmark Counter Pulsation Registry that included 16,909 patients at one of 
203 hospitals worldwide [14]. Cardiogenic shock was the indication for IABP 
implantation in nearly 20%. Significant adverse events occurred in 2.6%, includ- 
ing major limb ischemia, balloon leak, and bleeding. Multivariate analysis iden- 
tified peripheral vascular disease, female sex, a body surface area of <1.65 m 2 , 
and age >75 years as risk factors for complications. Hemolysis and thrombo- 
cytopenia attributable to either the IABP or the concomitant use of heparin are 
also seen with IABP support. 

In most instances, the IABP is used urgently to improve the hemodynamic 
status of a patient with acute myocardial ischemia or refractory heart failure. 
Clinicians are frequently faced with the subsequent challenge of determin- 
ing the appropriate timing for IABP removal or escalation of therapy to more 
durable circulatory support. Hausmann developed a scoring system that pre- 
dicted ability to wean from IABP support and then prospectively tested this in a 
cohort of patients with low-output states undergoing cardiac surgery [29] . High 
epinephrine requirements (>0.5 mcg/kg/min), a left atrial pressure >15 mm 
Hg, urine output <100 mL/hour, and a mixed venous oxygen saturation <60% 
predicted early mortality following IABP insertion. Assessment of the patient 
for IABP removal involves weaning of the assist ratio from 1 : 1 to 1 :2 and then 1 :3 
over the course of several hours. During this period, careful evaluation of clinical 
parameters (chest pain, dyspnea, blood pressure, heart rate, arrhythmias, urine 
output) or invasive hemodynamics allow the clinician to make a decision regard- 
ing the appropriateness of IABP removal. Escalation of care to implantable 
LVAD or transplant should be considered in viable candidates who fail to wean 
from IABP support after 5-7 days, despite receiving appropriate adjunctive 
therapies including revascularization and treatment for LV dysfunction. 

An important limitation of a femoral artery IABP is unstable insertion and 
the requirement for bedrest, which predisposes patients to complications asso- 
ciated with immobility such as atelectasis and pneumonia. Alternative surgical 
implantation strategies that allow ambulation include subclavian artery inser- 
tion or permanent aortic implantation have been used [30]. 

Percutaneous left ventricular assist devices intended for 
short-term support 

Development of several small centrifugal (nonpulsatile) pumps that can be 
implanted percutaneously and used for short-term support represents a major 
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innovation in the field of mechanical circulatory support. The obvious util- 
ity of these devices is the management of acute cardiogenic shock related to 
myocardial infarction or myocarditis in which rapid application of circulatory 
support is required and there is a possibility of myocardial recovery. These 
devices may also be beneficial in supporting high-risk PCIs and electrophysio- 
logical procedures, percutaneous valve repair, and postcardiotomy shock. 

TandemHeart™ (CardiacAssist, Inc, Pittsburgh, PA) 

The TandemHeart is an extracorporeal centrifugal pump capable of providing 
3.5-4.0 L/min of nonpulsatile flow. Flow to the pump is obtained with a 21F 
venous catheter inserted in the femoral vein and passed into the left atrium via a 
transseptal puncture (Fig. 9.3A). The pump returns blood to the circulation via a 
15F femoral arterial catheter. The system requires systemic anticoagulation and 
is approved for short-term (6 hours) use, although reports have described longer 
support duration [31,32]. In two randomized trials, TandemHeart provided 
superior improvements in cardiac output and reductions in filling pressures 
compared with IABP support, but neither trial demonstrated an improvement 
in survival [33,34]. Several centers use the TandemHeart as first-line therapy in 
critically ill cardiogenic shock patients as a means to achieve clinical stability 
prior to proceeding to more definitive mechanical support. Limitations of the 




Fig. 9.3 Temporary mechanical circulatory support devices. (A) The TandemHeart 
percutaneous VAD is a temporary device that accesses the vascular system via catheters 
in the femoral vessels. The femoral venous catheter is advanced into the left atrium via a 
transseptal puncture. The VAD is capable of providing flow of 3.5^1.0 L/ min. (Courtesy 
of CardiacAssist, Inc, Pittsburgh, PA.) (B) The Impella is inserted retrograde across the 
aortic valve. An external electric motor drives the rotor in the catheter tip at speeds up to 
50,000 rpm. (Courtesy of ABIOMED, Danvers, MA.) 
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TandemHeart include the requirement for bedrest, the technical challenge of 
transseptal placement of the drainage catheter, bleeding and the potential for 
limb ischemia. 

Impella™ (ABIOMED, Danvers, MA) 

This device is a small percutaneously implanted axial flow pump inserted ret- 
rograde across the aortic valve that draws blood from the LV and delivers it into 
the aorta (Fig. 9.3B). The catheter has been produced in two sizes. The smaller 
device is a 12F catheter intended for percutaneous insertion in the catheteriza- 
tion laboratory via the femoral artery that can deliver flows up to 2.5 L/min. 
The larger catheter is 21F, can provide 5.0 L/min, and is intended for surgical 
insertion through an aortotomy. This device has been primarily used in Europe, 
where studies have demonstrated increased cardiac output and reductions in 
filling pressures [35-37]. Limitations of this device include the requirement for 
bedrest and the transaortic valve placement; a structurally abnormal valve may 
preclude its use. 

Cancion™ (Orquis Medical, Lake Forest, CA) 

This centrifugal flow device uses continuous aortic flow augmentation as a 
conceptual basis for the treatment of heart failure [38,39]. Blood flows into 
this pump via a catheter in the femoral artery and is returned to the circulation 
through a catheter positioned in the proximal descending aorta. Flow rates with 
the Cancion pump range from 1 to 1.5 L/min. Preliminary animal and human 
experiences suggest that this approach results in improved cardiac output, 
a reduction in cardiac filling pressures and systemic vascular resistance, and 
improved renal function. The mechanism(s) underlying these improvements 
are unknown but have been attributed to enhanced nitric oxide production 
resulting from alterations in aortic shear stress [40]. 

Venoarterial extracorporeal membrane oxygenation (VA-ECMO) 

ECMO is an important adjunctive device capable of providing circulatory sup- 
port as well as oxygenation in the setting of respiratory failure. VA-ECMO uses a 
centrifugal pump to drain venous blood, oxygenate the blood using a membrane 
oxygenator, and return the blood to the systemic arterial system at physiologic 
perfusion pressure. VA-ECMO provides considerably greater support relative 
to the devices discussed above, in that it replaces both right and left ventricu- 
lar function. Furthermore, it replaces pulmonary function providing complete 
gas exchange. Thus, VA-ECMO is the favored strategy for cases of profound 
biventricular failure, cardiac arrest, or combined cardiac-pulmonary failure. 
Continued improvements in the cannula design, oxygenator, and centrifugal 
pump have made use easier and safer. 

Cannulation for VA-ECMO may be achieved either peripherally or centrally. 
Peripheral cannulation usually involves femoral vein or jugular vein drainage 
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and inflow via a femoral artery. Central cannulation is preferred in cardiac sur- 
gical cases, using a right atrial drainage cannula and outflow via an ascending 
aortic cannula. 

ECMO is effective for short-term support lasting up to a week and is partic- 
ularly valuable in patients with severe biventricular failure in whom recovery 
is anticipated or a plan exists to move forward with more durable mechani- 
cal support or transplantation. It has been used to support high-risk coronary 
interventions, including patients with left main coronary disease and those 
with severe LV dysfunction. A registry experience with ECMO in this setting, 
which included 105 patients, demonstrated a 95% procedural success rate with 
an in-hospital mortality of 7.6% in the entire cohort and 2.6% in patients <75 
years of age and those without a left main intervention [41]. Shawl and col- 
leagues reported a single-center experience in 107 patients treated with ECMO- 
supported PCI [42]. The procedural success rate in this population was 98%. 
Survival free of cardiac death was 83% and 77% at 1 and 2 years, respectively. 
Further, the subset of patients who had serial measurement of ejection fraction 
showed an improvement from 20.6% to 29.3% (P < 0.001). ECMO is the treat- 
ment of choice at several institutions for patients with cardiogenic shock and 
severe pulmonary edema in whom oxygenation using mechanical ventilation 
is ineffective. In this application, survival rates of patients who require ECMO 
are lower than other methods of support, largely related to the patient selection. 
The University of Michigan reported a 43% 1-year survival rate in critically ill 
patients treated with ECMO as a bridge to transplantation or other mechanical 
support [43]. The Cleveland Clinic demonstrated 1-day 30-day and 1-year sur- 
vival rates of 90%, 38%, and 29%, respectively, in an unselected cohort of adult 
patients treated for variable periods of time on ECMO [44]. 

Limitations of VA-ECMO include the need for relatively high levels of sys- 
temic anticoagulation, typically with heparin. In addition, since the left heart is 
not directly cannulated, LV distention can occur, leading to increased pulmonary 
venous pressures and further cardiac injury This complication is averted with 
either atrial septostomy or placement of an LV vent. The use of peripheral can- 
nulation is associated with a relatively high rate of local vascular complications 
related to the size of the cannulae [41]. An additional limitation is the general 
requirement that the ECMO circuit be monitored by a perfusionist. 

Surgically implanted mechanical circulatory support pumps 
intended for short-term support 

Centrimag™ (Thoratec Corporation, Pleasanton, CA) is a magnetically driven 
centrifugal pump that can be used for uni- or biventricular support. This device 
provides continuous flow with outputs to 10 L/min. The primary application 
of the Centrimag to date is to support critically ill patients, many of whom have 
postcardiotomy shock. In addition to providing adequate circulatory support, 
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moribund patients with evidence of significant end-organ dysfunction have 
been supported for days to weeks with demonstrable recovery of renal and 
hepatic function, allowing triage of the patient to more definitive therapy [45,46] . 

The Abiomed AB 5000™ (ABIOMED, Danvers, MA) is a pneumatically 
driven extracorporeal pulsatile device capable of uni- or biventricular support. 
This device typically requires direct cannulation of the heart with inflow can- 
nulae placed in the atria and outflow cannuale attached to the great vessels. The 
cannulae exit the body just beneath the costal margins and connect to the pump 
placed on the anterior abdominal wall. An important advantage is that patients 
may be extubated and can ambulate with this device. This pump has been 
used for weeks to months, enabling prolonged recovery time. Anticoagulation 
is required, and thromboembolism remains a limitation of this device. 

The Thoratec pVAD™ (Thoratec Corporation), like the AB 5000, is an extra- 
corporeal pneumatically driven device that can be used for right ventricular, 
left ventricular, or biventricular support. The device has a stroke volume of 
65 cc and can deliver a cardiac output of 6.5 L/ min at a rate of 100 bpm. This 
pump requires direct cannulation of the heart and has been used for longer-term 
support as a bridge to transplant. 

Many patients who receive a short-term VAD for cardiogenic shock have an 
underlying disease process from which ventricular recovery is possible. Thus, 
an important aspect of postimplantation management is a prospective plan to 
reassess native ventricular function and make decisions regarding the potential 
for device removal. The patient is first evaluated for evidence of physiologic 
recovery that includes resolution of metabolic abnormalities (electrolyte imbal- 
ance, correction of acidosis, stable renal function), demonstration of a stable car- 
diac rhythm, and evidence of adequate perfusion. Next, the adequacy of native 
heart function to support the circulation is assessed while the device support is 
reduced. Clinical signs, hemodynamic assessment (pulmonary artery catheter 
and systemic arterial catheter), and an echocardiogram are used to monitor the 
performance of native ventricular function as ventricular preload is increased. If 
systemic hypotension, an increased pulmonary artery wedge pressure (PAWP), 
an elevated central venous pressure, or ventricular dilation occurs during VAD 
weaning, the patient is not ready for device removal. 

Devices intended for long-term support 

An important subset of patients with cardiogenic shock has profound ventric- 
ular injury that is unlikely to recover. In the absence of advanced age or comor- 
bidities, these patients are eligible for long-term VAD support, most commonly 
as a bridge to transplantation. These surgically implanted pumps obtain blood 
via a cannula inserted into the DV apex and return the blood to the circulation 
through a conduit sewn to the ascending aorta (Fig. 9.4). Following recov- 
ery from the implant, patients are ambulatory and capable of independent 
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Fig. 9.4 Surgically implanted devices intended for long-term support. This figure 
represents the basic configuration of surgically implanted VADs. The pump (a) is placed 
in an extraperitoneal pocket. The inflow conduit is inserted through a sewing ring into 
the left ventricle and the outflow graft is attached to the ascending aorta. A driveline (b), 
tunneled across the abdomen through the subcutaneous tissue, attaches to a small driver 
(c) and two batteries (d) capable of providing uninterrupted power for up to 4 hours. 
(Courtesy of Thoratec Corporation, Pleasanton, CA.) 

living outside the hospital. The first-generation pumps (Thoratec HeartMate 
XVE, Novacor) are pulsatile, volume-displacement pumps capable of providing 
flows of up to 10 L/ min. The second-generation pumps (Thoratec HeartMate II, 
Jarvik 2000, Micromed Debakey) are axial flow devices that house an impellar 
that rotates between 8000 and 12,000 RPM and provide continuous, nonpulsatile 
flow. The major advantages to these pumps are smaller size, quiet functioning 
mode, and fewer moving parts. It is anticipated that there will be fewer mechan- 
ical complications and adverse events with the second-generation devices. The 
third-generation pumps are centrifugal flow pumps that provide nonpulsatile 
flow at slower operating speeds but are still capable of flow up to 10 L/min. 
One intriguing aspect of these pumps is that the moving impellar is partially or 



212 Cardiogenic Shock 




B Axial-Flow Pump 





Chapter 9 The role for mechanical circulatory support 213 



completely magnetically levitated, eliminating the need for a mechanical bear- 
ing. It is anticipated that these pumps will have an incremental improvement in 
durability. At present, the third-generation devices are experimental and none 
has FDA approval. A comparison of each of these pumps is shown in Fig. 9.5. 

First-generation devices 

Both the HeartMate (HM) XVE™ (Thoratec Corporation, Pleasanton, CA) and 
the Novacor™ (WorldHeart, Oakland, CA) pumps have been used worldwide, 
and there is a rich dataset describing the outcomes of patients who have 
received them as a bridge to transplant or as "destination therapy" in non- 
transplant candidates. The original HM XVE bridge to transplant experience 
included 280 VAD patients and a historical control cohort of 48 patients 
managed medically [47]. Despite aggressive therapy with inotropes and IABP, 
medically supported patients had systemic hypotension, a mean cardiac index 
(CI) of 1.67 L/ min/m 2 , and a mean PAWP of 27 mm Hg. The mean duration of 
VAD support was 112 days, and 54 patients were effectively supported for >180 
days. The device-treated patients had improved survival to transplant as well as 
superior posttransplant survival. The HM XVE was also the subject of the only 
randomized trial comparing VAD support with medical therapy in nontrans- 
plant patients [48]. Patients treated with the HM XVE had statistically better 
survival rates at 1 and 2 years with superior improvements in exercise time 
and quality of life measures. However, survival in the device-treated patients 



Fig. 9.5 Mechanism of action of the implantable mechanical circulatory support devices. 
The volume-displacement pump (A) consists of a chamber or sac that fills and empties 
cyclically. In the device shown here, an external drive line provides electrical power to a 
motor within the device. The motor drives a pusher plate up and down repeatedly, 
expanding and compressing the volume-displacement chamber. The direction of blood 
flow is maintained by inflow and outflow valves. The anatomical position of a typical 
volume-displacement pump is shown in the inset. The pump is placed in the abdomen; 
the inflow cannula is inserted into the left ventricular apex; and the outflow cannula is 
inserted into the ascending aorta. The total artificial heart is a type of volume- 
displacement pump, but the patient's own ventricles are removed and the pump is 
inserted orthotopically. The axial-flow pump (B) contains an impellar, a rotor with 
helical blades that curve around a central shaft. An external drive line provides electrical 
power to a motor that drives the rotation of the impellar by electromagnetic induction. 
Blood is drawn by the spinning impellar from the inflow cannula to the outflow cannula. 
Blood flow is nonpulsatile. The centrifugal pump (C) uses centrifugal force to drive 
nonpulsatile blood flow. The device shown here consists of a conical rotor contained 
within a housing. Blood flows into the apex of the cone and exits at the base. The 
spinning of the rotor creates a centrifugal force that generates nonpulsatile blood flow. 
(Reprinted with permission from Baughman KL, farcho JA. N Engl J Med 2007;357:846-9.) 
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was only 50% at 1 year and 22% at 2 years. Further analysis of REMATCH 
revealed that the most common causes of death in the device-treated patients 
were infection, neurologic injury, and device malfunction. 

The Novacor VAD underwent a similar evaluation in the bridge to transplant 
application in a population of patients with advanced symptomatic heart fail- 
ure and severe hemodynamic compromise and was approved for the support of 
patients awaiting transplantation. The Novacor pump was assessed as destina- 
tion therapy in the nonrandomized INTrEPID trial [49]. Device-treated patients 
had a nearly 50% mortality reduction at 6 months. However, early postoperative 
mortality in both REMATCH and INTrEPID was excessive and is indicative of 
the moribund population undergoing VAD placement in the current era. 

Second-generation devices 

Three axial flow devices are currently undergoing clinical trials. The HeartMate 
II™ (Thoratec Corporation) has been evaluated for bridge to transplant and des- 
tination therapy. The bridge to transplant trial enrolled 133 patients with clinical 
characteristics similar to those included in trials of first-generation pumps [50]. 
Nearly 90% of patients were treated with an inotropic agent, and 41% were 
on IABP support. There was evidence of end-organ dysfunction manifest as 
abnormal serum chemistries and hemodynamic compromise (mean PAWP = 
26 mm Hg, CI = 2.0 1/min/m 2 ). The primary end-point of the trial was sur- 
vival at 180 days, transplanted, or listed for transplant as a status 1A or IB 
(i.e. actively listed and without a significant VAD complication that would pre- 
clude successful transplant). Seventy-nine percent of patients treated with the 
VAD successfully reached the primary endpoint (Fig. 9.6). Further, there was an 
important improvement in exercise performance and quality of life. 

The Jarvik 2000™ (Jarvik Heart, Inc., New York, NY) is a small axial flow 
device inserted directly into the left ventricle. The outflow cannula can be sewn 
to the ascending aorta or, alternatively, the descending aorta. The latter may 
offer an advantage to patients with multiple prior sternotomies. This device 
is currently in trial in the United States Preliminary reports suggest bridge to 
transplant survival similar to other devices [51,52]. 

The third device in this category is the Micromed Debakey VAD™ 
(MicroMed Cardiovascular, Houston, TX). A recent trial demonstrated that 55% 
of patients were successfully bridged to transplant, recovered, or were still on 
support at the time of analysis [53]. Concern was raised during the conduct 
of this trial that there was a higher than desired risk of pump thrombus and 
thromboembolism. These concerns have limited the experimental use of this 
device. 

Third-generation devices 

Several iterations of the next generation of mechanical circulatory support 
devices are beginning to undergo testing in the United States, and some are 
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Fig. 9.6 Competing outcomes analysis from the HeartMate II® Bridge to Transplant 
trial. The primary endpoint of the study was the number of patients transplanted, 
recovered with device removal or alive on the device and listed for transplant at a high 
priority status (1A or IB) at 6 months. Kaplan-Meier curves are shown for the primary 
endpoint of the trial as well as the components. Additionally 3 patients withdrew from 
the trial. (Adapted with permission from Miller LW, Pagani FD, Russell SD. N Engl } Med 
2007;357:885-896.) 

already approved in Europe and Australia. The fundamental difference from 
prior generations is that these pumps are implantable, relatively small cen- 
trifugal flow pumps. The sizes of the impellar and canister are larger, allowing 
reduced pump speeds to maintain outputs of up to 10 L/min. The other major 
design modification is that the impellars are suspended in an electromagnet, 
eliminating the need for a bearing, thus theoretically improving device dura- 
bility. Similar to the axial flow devices, the centrifugal flow pumps provide 
nonpulsatile flow. 

Summary and conclusions 

Failure of medical therapy to provide sufficient hemodynamic support for 
patients with cardiogenic shock, coupled with a shortage of suitable donor 
organs, provides the rationale for the continued development and use 
of mechanical circulatory support devices. The role of the cardiologist in 
selecting appropriate patients, and understanding and managing mechanical 
circulatory support devices will continue to grow as additional percutaneously 
placed devices become available. The experience to date has demonstrated 
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that several implantable devices are capable of providing adequate support 
to bridge critically ill patients to cardiac transplantation. It also appears that 
mechanical support is superior to best medical therapy in selected patients 
who are inotrope-dependent but not candidates for transplantation. Arguably 
the results of current LVAD trials have not demonstrated the full potential of 
mechanical circulatory support, which we believe is largely related to the inclu- 
sion of very high-risk patients in these studies. Further refinements in selection 
criteria focused on exclusion of patients too ill to likely derive a survival benefit 
will further enhance overall survival rates with this technology. 
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Chapter 10 



Percutaneous coronary intervention 
for cardiogenic shock 

Eric R. Bates 



Introduction 

Major milestones in reducing mortality from ST-elevation myocardial infarction 
(STEMI) include organization of coronary care units in the 1960s to treat lethal 
arrhythmias [1] and the development of fibrinolytic therapy in the 1980s to 
reduce infarct size [2-5]. Presently the most common cause of death in patients 
hospitalized with myocardial infarction (MI) is cardiogenic shock, not arrhyth- 
mia. Cardiogenic shock is characterized by low cardiac output and organ hypop- 
erfusion. The etiology is usually myocardial necrosis and ischemia due to infarct 
artery thrombosis that results in severe left ventricular dysfunction. Unfortu- 
nately neither the incidence nor the mortality rate associated with cardiogenic 
shock has been reduced by modern cardiac intensive care unit interventions, 
including vasopressor and inotropic drug infusions [6], hemodynamic moni- 
toring [7], and intra-aortic balloon pump (IABP) counterpulsation [8]. Several 
multicenter randomized megatrials [2-5] have demonstrated a survival advan- 
tage with fibrinolytic therapy in STEMI, with the greatest benefit in patients 
with the most jeopardized myocardium (e.g. anterior STEMI, new left bundle 
branch block). Therefore, it is paradoxical and disappointing that the survival 
benefit with fibrinolytic therapy for the subset of patients with cardiogenic 
shock is modest, perhaps because of low reperfusion rates due to hypoten- 
sion [9]. Percutaneous coronary intervention (PCI), however, does achieve high 
infarct artery patency rates in patients with cardiogenic shock [10], and a sur- 
vival advantage has been demonstrated [10-13]. 



Cardiogenic Shock Edited by Judith S. Hochman and E. Magnus Ohman 
© 2009 American Heart Association ISBN: 978-1-405-17926-3 



220 



Chapter 10 Percutaneous coronary intervention 221 



Historical background 

Mathey and colleagues [14] first reported that the shock state could be reversed 
with successful reperfusion with intracoronary streptokinase. Although a multi- 
center STEMI registry report [15] on 44 patients treated with intracoronary strep- 
tokinase documented a 66% in-hospital mortality rate, it suggested the impor- 
tance of successful reperfusion on outcome. Only 43% of the shock patients 
had successful reperfusion (compared with 71% for the entire registry), but 
their mortality rate was 42% as opposed to 84% among those with unsuccessful 
reperfusion. Early trials of intravenous fibrinolytic therapy demonstrated sub- 
stantially lower TIMI 2 and 3 grade perfusion among patients who later died 
from cardiogenic shock [16]. Interestingly, recent observations in acute heart 
failure patients have documented that hemodynamic alterations can diminish 
coronary perfusion, even among patients without significant coronary artery 
disease. These findings point to the importance of hypotension and hypoperfu- 
sion states leading to further clinical deterioration [17]. 

Andreas Gruentzig developed a percutaneous balloon catheter that was first 
used to dilate a human coronary artery stenosis on September 16, 1977 [18]. 
The initial reports on balloon angioplasty in patients with STEMI followed in 
the early 1980s [19,20], and in 1982, Meyer was the first to use PCI to treat 
cardiogenic shock [21]. In the first treatment series, reported in 1985, O'Neill 
and colleagues obtained successful reperfusion in 24 (88%) of 27 patients, with 
an in-hospital mortality rate of 25% [22]. Brown and coworkers had a 61% suc- 
cessful reperfusion rate, associated with a 42% mortality rate; the mortality rate 
was 82% when reperfusion was unsuccessful [23]. Multiple small observational 
reports since then have consistently shown a survival benefit for patients with 
successful PCI compared with those in whom PCI was unsuccessful or with 
historical controls [24]. 

Clinical results 

There have been a few large observational reports on reperfusion therapy for car- 
diogenic shock. The Global Utilization of Streptokinase and Tissue Plasminogen 
Activator for Occluded Coronary Arteries (GUSTO)-l trial [25] included 2972 
patients with cardiogenic shock treated with fibrinolytic therapy. There was 
a lower 30-day mortality rate for the 22% of patients who were subsequently 
treated with PCI compared with those receiving only medical therapy (43% vs. 
61% with shock on arrival, 32% vs. 61% for those who developed shock after 
arrival). Another GUSTO-1 analysis included 2200 patients with cardiogenic 
shock [26]. Compared with a delayed strategy, angiography within 24 hours 
of shock onset with revascularization by PCI or coronary artery bypass graft 
surgery when deemed appropriate was independently associated with reduced 
30-day mortality (38% vs. 62%). 
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A recent large registry evaluated the outcome of 1333 patients undergoing 
primary PCI for cardiogenic shock [27]. The in-hospital mortality in this cohort 
was 46%. The independent predictors of mortality were left main disease, TIMI 
flow <3 after PCI, older age, three-vessel disease, and longer time between 
symptom onset and PCI. 

Unfortunately, none of these reports represent randomized, controlled studies 
of PCI. A selection bias favoring PCI over historical controls could easily have 
resulted from excluding the elderly or patients in extremis or with comorbid 
disease. Hochman and colleagues have documented that patients with cardio- 
genic shock who are selected for cardiac catheterization are younger and less 
likely to die (51% vs. 85%), even when not revascularized [28]. Nevertheless, 
several studies and clinical experience clearly demonstrate the favorable impact 
a patent infarct artery can have on reversing the shock state. 

Two small randomized trials have been performed. The Swiss Multicenter 
trial of Angioplasty SHock (SMASH) [29] randomized 55 patients to undergo 
either emergency angiography and revascularization when indicated or initial 
medical management, but the trial was terminated prematurely because of poor 
enrollment. Mortality at 30 days was 69% in the invasive arm versus 78% in 
the medical arm. At 1 year, the mortality figures were 74% and 83%, respec- 
tively. Although the study failed to reach statistical significance because of the 
small sample size, the trend was clinically important. The Should We Emer- 
gently Revascularize Occluded Coronaries for Cardiogenic Shock (SHOCK) 
trial [11-13] randomized 302 patients to emergent revascularization or initial 
medical stabilization followed by late revascularization for selected patients. 
Concurrently, the 30 participating sites collected registry data on 1190 patients 
presenting with cardiogenic shock who were not randomized [30]. Medical 
stabilization included fibrinolytic therapy in over half the patients as well as 
inotropic and vasopressor agents. IABP counterpulsation was used in 86% of 
the patients. In the revascularization arm, 97% of patients underwent early 
angiography; of those who were revascularized, 64% underwent PCI, and 36% 
had coronary artery bypass graft surgery. Half of the revascularization group 
had received fibrinolytic therapy, so PCI was often rescue, not primary PCI. 
There was no statistically significant difference in 30-day mortality between 
the revascularization and medical therapy groups (46.7% vs. 56.0%; P = 0.11), 
but by the 6-month endpoint, a significant survival advantage had emerged for 
patients randomized to revascularization (50.3% vs. 63.1%, P = 0.027) that was 
maintained at 1 year (53.3% vs. 66.4%) (Fig. 10.1). 

Patient selection 

Emergency PCI is recommended by the ACC/ AHA STEMI guidelines for those 
less than 75 years old who develop shock within 36 hours of MI and who are 
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30-Day 6-Month 12- Month 

Fig. 10.1 Mortality rates in the SHOCK trial [11,12] for those assigned to early 
revascularization (ERV) vs. initial medical stabilization (IMS) followed by late or no 
revascularization. 

suitable for revascularization that can be performed within 18 hours of shock, 
unless further support is deemed futile (Fig. 10.2) [31]. The best candidates for 
PCI are patients without prior MI who are younger than 70 years of age with 
fewer comorbidities and symptom duration less than 12 hours. The severity, 
distribution, and diffuseness of coronary artery disease and the degree of left 
ventricular dysfunction also influence outcome. Poor candidates because of 
very high mortality risk are those with rapidly progressive hemodynamic dete- 
rioration despite therapeutic interventions and elderly patients with comorbid 
disease. Additionally, patients with life-shortening illnesses, no vascular access, 
previously defined coronary anatomy that was unsuitable for revascularization, 
anoxic brain damage, and prior cardiomyopathy are poor candidates. Except 
for the elderly, all other subgroups had treatment benefit with revasculariza- 
tion in the SHOCK trial (Fig. 10.3) [11]. The apparent lack of benefit for the 
elderly may have been due to the chance finding that baseline ejection frac- 
tion in the elderly was lower in those assigned to the early revascularization 
group. 

The elderly patient subgroup in the SHOCK registry [32] was analyzed to 
gain further insight into patients at least 75 years of age. Whereas the random- 
ized trial included only 56 patients in that age group, the registry included 277 
patients. Overall, in-hospital mortality in the elderly was 76% versus 55% in the 
younger age group (P < 0.001). The 44 elderly patients selected for early revas- 
cularization, however, had a significantly lower mortality rate than those who 
did not undergo early revascularization (48% vs. 81%; P — 0.0002). Other reports 
[33-35] also support the use of primary PCI in selected elderly patients with 
cardiogenic shock complicating MI, so age alone should not be an exclusion 
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NO. of Patients 
246 
56 



0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 



Subgroup 
Age < 75 Yr 
Age > 75 Yr 

Men 205 

Women 97 

Transfer admission 167 

Direct admission 135 

Time from Ml to 73 
randomization < 6 hr 

Time from Ml to 227 
randomization > 6 hr 

Eligible for thrombolytic 284 
therapy 

Ineligible for thrombolytic 17 
therapy 

Hypertension 137 

No hypertension 159 

Diabetes 92 

No diabetes 204 

Prior Ml 98 

No prior Ml 204 

Anterior Ml 181 

No anterior Ml 118 

U.S. site 175 

Non-U.S. site 127 



0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 

Revascularization- Medical-therapy 
group benefit group benefit 

Relative Risk 

Fig. 10.3 Relative risk of 30-day mortality in those assigned to early revascularization 
(revascularization group) versus initial medical stabilization (medical-therapy group) 
for subgroups in the SHOCK trial. (Reprinted with permission from Hochman JS, 
Sleeper LA, Webb JG, et al. N Engl ] Med 1999;341:625-34.) 
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criterion when selecting patients for cardiac catheterization. Prior functional 
status, comorbidity, and patient and family preferences are important selection 
criteria. 

The majority of STEMI patients are admitted to hospitals without revascu- 
larization capability. Data from the National Registry of Myocardial Infarction 
(NRMI) show that mortality in patients with cardiogenic shock not transferred 
for revascularization remains unacceptably high [36]. In STEMI complicated by 
cardiogenic shock, inter-hospital transfer of patients is more challenging than 
in uncomplicated STEMI because of hemodynamic instability and increased 
complication rates. Small retrospective series showed that inter-hospital trans- 
fer of selected shock patients was safe and led to improved survival when both 
fibrinolysis and IABP support were employed [37,38]. Among the SHOCK reg- 
istry's 1190 patients, 44% were transferred to tertiary care centers [39]. Despite 
delayed time-to-treatment, transfer patients had a similar mortality benefit with 
early revascularization as direct admit patients, probably because of survivor 
selection bias. Selected STEMI patients with cardiogenic shock admitted to hos- 
pitals without revascularization capability should be transferred to centers with 
revascularization capability for immediate angiography [31]. 

Over the last several years there has been a strong focus on bringing patients to 
the cath lab within 90 minutes of arrival to hospital. Although early arrival and 
timely reperfusion prevent cardiogenic shock, patients who develop shock will 
also benefit from later reperfusion. In the SHOCK trial, the mortality benefit with 
an early invasive strategy was equal among patients who were direct admits 
as among those transferred from other hospitals. The average time from shock 
onset to randomization was about 6 hours, which meant that many patients had 
PCI >12 hours after MI onset. Thus, an important aspect of the management of 
cardiogenic shock is that even late reperfusion with primary PCI has something 
to offer [11]. 

Patients with large MI may go through a period of pre-shock with nonhy- 
potensive peripheral hypoperfusion before they develop cardiogenic shock. 
The clinical manifestations are oliguria (urine output <30 cc/hr) and/or cold 
extremities despite a systolic blood pressure >90 mm Hg. In the SHOCK reg- 
istry [40], these patients had an in-hospital mortality rate of 43% compared with 
a rate of 66% in patients with classic cardiogenic shock. Early recognition and 
treatment may prevent the onset of hypotension and tissue hypoperfusion. 

Pre-procedure care 

Before PCI can be performed, several other interventions must be pursued. 
Initial patient resuscitation is aimed at stabilizing oxygenation and perfusion 
(Table 10.1). A careful fluid challenge should be used to exclude hypovolemic 
shock, unless the patient is in obvious pulmonary edema. In right ventricular 
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Table 10.1 Stabilization before PCI for cardiogenic shock. 



1 

1. 


iviaximize volume ^ivrti iu— i^t mm rig, i/\vvi 10— zu mm ng^ 


2. 


Maximize oxygenation (e.g. ventilator) 


O. 


Control rhythm (e.g. pacemaker, cardioversion) 


4. 


Correct electrolyte and acid-base imbalances 


5. 


Sympathomimetic amines (e.g. dobutamine, dopamine, norepinephrine, 
phenylephrine) 


6. 


Diuretics (e.g. furosemide) 


7. 


Antiarrhythmics (e.g. amiodarone) 


8. IABP counterpulsation 



Abbreviations: PAWP, pulmonary artery wedge pressure; RAP, right atrial pressure; 
IABP, intra-aortic ballon pump. 



shock, where preload is critical, fluid support and avoidance of nitrates and 
morphine are indicated. 

Oxygenation and airway support usually require tracheal intubation and 
mechanical ventilation. Positive end-expiratory pressure decreases preload and 
afterload. Muscular paralysis (in addition to sedation) improves procedural 
safety and decreases oxygen demand. If there is a concern about airway support 
and oxygenation, intubation should be carried out before cardiac catheterization 
as intubation on the table can represent a challenge, particularly when patients 
are having multiple devices in both groins. 

Urine output needs to be monitored hourly. An arterial catheter allows con- 
stant monitoring of blood pressure. Central hemodynamic monitoring using a 
pulmonary artery catheter can provide valuable information and aid in the titra- 
tion of fluids and medications. Although use of the pulmonary artery catheter 
has not been associated with mortality benefit, it is very helpful in managing 
cardiogenic shock. 

Sustained atrial and ventricular tachyarrhythmias should be electrically con- 
verted to sinus rhythm to maximize cardiac output. Often, agents such as amio- 
darone are required to maintain sinus rhythm. Likewise, bradycardia and high- 
degree heart block should be treated with atropine or temporary pacing. AV 
pacing may be preferable, especially in the setting of RV failure [41]. 

Hypokalemia and hypomagnesemia predispose to ventricular arrhythmias 
and should be corrected. Hyperventilation may be required to correct metabolic 
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acidosis, but sodium bicarbonate should be avoided given a short half-life and 
the large sodium load. Aspirin 325 mg and unfractionated heparin should be 
administered to facilitate further invasive care and to prevent reinfarction, ven- 
tricular mural thrombus formation, or deep venous thrombosis. Clopidogrel is 
best withheld until cardiac catheterization has determined whether there is a 
need for emergency surgery because of its prolonged action and increased risk 
for perioperative bleeding. Morphine sulfate decreases pain, excessive sympa- 
thetic activity, preload, and afterload, but should only be administered in small 
increments. Diuretics decrease filling pressures and should be used to control 
volume. Beta-blockers and calcium channel blockers should be avoided because 
they are negative inotropic agents. 

Inotropic and vasopressor drugs are the major initial interventions for revers- 
ing hypotension and improving vital organ perfusion. The choice of sympa- 
thomimetic agents should be dictated by hemodynamic parameters and will 
often change as the clinical condition evolves and complications develop. Beta 
agonists enhance contractility and can provide support until stunned and reper- 
fused myocardium recovers. However, they also induce tachycardia, can worsen 
myocardial ischemia in the peri-infarct zone, and enhance arrhythmogenicity. 
The lowest dose needed to support the circulation should be used and, as the 
patient's condition improves or as other means of support are instituted, the 
dose should be titrated down to the minimum dose required to provide circu- 
latory support. Further discussion of agents used in the medical management 
of cardiogenic shock is provided in Chapter 3. 

When pharmacological therapy provides insufficient hemodynamic support, 
mechanical circulatory assistance can be instituted. IABP counterpulsaton aug- 
ments diastolic coronary flow, decreases afterload, improves systemic perfusion, 
and decreases infarct artery reocclusion rates. The best use of IABP counterpul- 
sation is in patients with ischemic, viable, but nonfunctioning myocardium 
that can be revascularized. IABP counterpulsation offers little support to shock 
patients with extensively scarred ventricles or after late presentation. Con- 
traindications for IABP counterpulsation include aortic regurgitation, aortic 
dissection, and peripheral vascular disease. 

The timing of IABP insertion has not been well studied. In many cardiac 
catheterization laboratories, the IABP is inserted in most patients with shock 
prior to PCI to stabilize them during the angiography and subsequent PCI. 
An observational study suggested that there was lower mortality when IABP 
counterpulsation was initiated prior to PCI. However, the study was nonran- 
domized and the patients with IABP counterpulsation prior to PCI tended to 
have substantially lower blood pressure [42]. Interestingly, recent studies in 
large anterior Mis in a canine model found substantial reduction in infarct size 
when IABP counterpulsation was initiated prior to reperfusion [43]. 

Devices that offer greater circulatory support than IABP counterpulsation are 
available and have been used in cardiogenic shock (Chapter 9). These include 
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percutaneous cardiopulmonary bypass [44], extracorporeal life support [45], 
and percutaneous ventricular assist devices [46]. 

Procedure 

Vascular sheaths are percutaneously placed in both femoral arteries and veins. 
An IABP catheter is initially inserted through one femoral artery for counterpul- 
sation support, and a pulmonary artery catheter is inserted through a femoral 
vein for hemodynamic diagnosis and monitoring of therapy. The other venous 
sheath is used for blood draws, drug administration, and placement of a tem- 
porary pacemaker, if necessary. Angiography and PCI are performed through 
the second arterial sheath only after the patient is maximally supported. 

The hemodynamic profile of left ventricular shock, as defined by Forrester 
and coworkers [7], includes pulmonary artery wedge pressure greater than 18 
mm Hg and a cardiac index less than 2.2 L/ min/m 2 . Others definitions include 
a pulmonary artery wedge pressure of at least 15 or 12 mm Hg and a cardiac 
index of less than 2.0 or 1.8 L/min/m 2 . The hemodynamic profile of right 
ventricular shock includes right atrial pressure of 85% or more of the pulmonary 
artery wedge pressure, steep Y descent in the right atrial pressure tracing, and 
the dip and plateau (i.e. square root sign) in the right ventricular wave form. 
Large V waves in the pulmonary artery wedge tracing suggest the presence 
of severe mitral regurgitation. An oxygen saturation step-up (>5%) from the 
right atrium to the right ventricle confirms the diagnosis of ventricular septal 
rupture. Equalization of right atrial, right ventricular end-diastolic, pulmonary 
artery diastolic, and pulmonary artery wedge pressures occurs with severe 
right ventricular infarction or pericardial tamponade due to free wall rupture 
or hemorrhagic effusion. 

Admitting labs should be obtained, if not previously performed. An arte- 
rial blood gas should be measured to evaluate oxygenation and acid-base sta- 
tus. A low osmolar ionic contrast agent is preferable to minimize hemody- 
namic complications and prothrombotic effects associated with other contrast 
agents. The activated clotting time should be checked if PCI is to be performed 
and supplemental heparin titrated to prolong the activated clotting time >300 
seconds [or >200 seconds if a platelet glycoprotein (CP) lib /Ilia inhibitor is 
used]. 

Two angiograms of the left coronary artery in orthogonal projections and 
one left anterior oblique injection of the right coronary artery are made in an 
attempt to identify the infarct artery. Left ventriculography is usually not per- 
formed because of the contrast load, as the end-diastolic pressure is usually too 
high, but measurement of the left ventricular end-diastolic pressure at the end 
of the procedure could be helpful. However, it should be recognized that a left 
ventriculogram is the quickest way to diagnose mitral regurgitation and ventric- 
ular septal rupture, if suspicion is high and an adequate quality echocardiogram 
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has not been obtained. When PCI is to be attempted, it should be performed as 
quickly and efficiently as possible with limited contrast injections. 

Angiographic exclusions for PCI include infarct artery stenosis <70% with 
TIMI-3 flow, or lesion morphology that is high-risk for no-reflow or other com- 
plications. Emergency coronary artery bypass graft surgery may be considered 
for patients with left main disease, severe coronary anatomy unsuitable for PCI, 
multivessel disease, mechanical complications, or failed PCI if there is ongoing 
myocardial ischemia (Chapter 11). In some cases, it is desirable to perform bal- 
loon angioplasty alone or thrombus extraction only to restore reperfusion while 
waiting for the surgical team to be assembled. 

The use of GP Ilb/IIIa inhibitors has been demonstrated to improve outcome 
in patients undergoing primary PCI [47]. Observational studies suggest a ben- 
efit of abciximab in primary stenting for cardiogenic shock [48-51]. Although 
there are no randomized controlled trials evaluating use of abciximab or other 
GP Ilb/IIIa inhibitors in cardiogenic shock, they are commonly used as adjunc- 
tive therapy. Their use appears to be particularly beneficial among patients who 
receive stents. From the Cleveland Clinic experience, it appears that patients 
who had stent placement with abciximab had 33% mortality at 2.5 years ver- 
sus 43% for those without abciximab and 68% mortality for those with nei- 
ther stents nor abciximab [49]. Although the majority of studies have used 
abciximab, it is noteworthy that in the randomized PURSUIT trial there was 
a significant mortality benefit among patients who randomized to eptifibatide 
(vs. placebo) among the small cohort who had cardiogenic shock complicating 
NSTEMI [52]. 

An appropriate 6F or 7F PCI guide catheter is placed in position. Coronary 
flow will occasionally be reestablished in the infarct artery once the lesion is 
crossed with a soft or floppy-tipped, 0.014-inch, steerable guidewire. The soft 
tip is less traumatic than stiffer wires, which are seldom needed. The guidewire 
is then advanced distally in the true lumen and not in a small side branch or 
under an intimal dissection. No role has been demonstrated for routine use 
of thrombectomy devices or distal protection devices. Recently, one study in 
noncardiogenic shock patients has shown that thrombus aspiration with an 
extraction device improved 1-year mortality [53]. This should be considered if 
there is a high clot burden. If the infarct artery remains occluded after crossing 
with the guidewire, it may be preferable to cross the occlusion with a balloon 
catheter and then withdraw it without inflating the balloon to establish reperfu- 
sion. The more gradual reperfusion provided with the wire or balloon catheter 
may result in less reperfusion arrhythmias than rapidly inflating the balloon 
immediately after crossing the lesion. It is then often possible to have a first 
impression of the infarct lesion and the distal artery with a small injection of 
contrast medium. PCI is performed with an appropriately sized balloon using 
an approximately 1:1 or 1.1:1 balloon-to-artery ratio, usually followed by stent 



Chapter 10 Percutaneous coronary intervention 231 



implantation. An optimal result after stenting is obtained with <20% post- 
procedural diameter stenosis, TIMI-3 flow, and ECG evidence of myocardial 
reperfusion. Procedural success was 77% in the SHOCK trial [11] and 79% in 
the National Cardiovascular Data Registry (NCDR) [54]. 

Coronary stents decrease restenosis rates by 50% in elective PCI compared 
with balloon angioplasty, but they have not reduced mortality rates in primary 
PCI [55]. Some observational studies in cardiogenic shock that have not com- 
pletely corrected for confounding variables suggest lower mortality rates with 
stents than percutaneous transluminal coronary angioplasty [49,51,56], but oth- 
ers show no benefit [57] or higher mortality rates [50]. Randomized studies 
have not been performed. Most patients undergoing primary PCI for cardio- 
genic shock will receive stents because they improve the immediate angio- 
graphic result and decrease subsequent target vessel revascularization in sur- 
vivors. Although drug-eluting stents have been shown to decrease target vessel 
revascularization rates in STEMI [58], many operators will choose bare metal 
stents for this indication. Both thrombus burden and the inability to confirm in 
advance because of the urgency of the procedure that the patient will comply 
with clopidogrel therapy for up to 1 year may increase the risk for late stent 
thrombosis with drug-eluting stents. 

Although PCI for STEMI is usually limited to the infarct artery, patients in car- 
diogenic shock with multivessel disease may have the best survival chance with 
PCI of all proximal discrete lesions. Early resolution of arrhythmias, conduction 
blocks, or hypotension suggest an important therapeutic benefit. Conversely, 
failure to improve within the first 24 hours usually predicts mortality. 



Procedural complications 

Sustained ventricular tachycardia should be promptly cardioverted, and ven- 
tricular fibrillation requires defibrillation. Lidocaine or amiodarone may be 
required to suppress ventricular arrhythmias. Accelerated idioventricular 
rhythm is usually benign and self-limited. Asystole, bradycardia, and atri- 
oventricular block may require immediate intravenous therapy with atropine 
or epinephrine or longer treatment with a temporary pacemaker, but usually 
resolve with successful reperfusion. The cardiodepressor Bezold-Jarisch reflex 
(bradycardia, vasodilation, hypotension) should be anticipated when primary 
PCI is performed for a proximal or mid-right coronary artery occlusion. In the 
SHOCK trial, the following complications occurred: acute renal failure (13%), 
severe hemorrhage (28%), sepsis (19%), and vascular complications (11%) [11]. 

Contrast medium reactions are rare. Benadryl is usually sufficient for 
urticaria. Bronchospasm should be treated with bronchodilators, although 
epinephrine may be required. 
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Coronary artery dissection can usually be successfully treated by placement 
of a stent. Coronary perforation is poorly tolerated in these patients, who do not 
respond well to prolonged balloon inflations and who do poorly with implan- 
tation of a polytetrafluoroethylene-covered stent. 

Despite all of the interventions described above, PCI success rates in these 
patients are 10-20% lower than the >95% success rates with primary PCI in 
patients without cardiogenic shock. With improved equipment and opera- 
tor experience, the main limitation in the current era is the ability to restore 
normal coronary blood flow in the infarct artery. The no-reflow phenomenon 
(TIMI 0-1 flow) or slow reflow (TIMI 2 flow) may occur transiently or may 
persist. This is usually due to microvascular dysfunction from coronary spasm, 
distal embolization, endothelial injury, or interstitial edema and is associated 
with poorer recovery of left ventricular function and a higher incidence of 
post-procedural complications [59]. Treatment options include 100 meg boluses 
of intracoronary adenosine or nitroprusside given as frequently as tolerated 
through the guiding catheter or through an infusion catheter or the distal 
lumen of the balloon catheter. Intracoronary verapamil is used to treat no- 
reflow during elective PCI, but should be avoided in patients with cardiogenic 
shock because it is a negative inotrope. Caution should be used in stenting 
lesions with no-reflow, because poor run-off may increase the likelihood of stent 
thrombosis. 

Access site bleeding and retroperitoneal hematoma are concerns, given the 
antithrombotic medications received by these patients. Meticulous access tech- 
nique, proper dosing of drugs based on renal function, and early sheath removal 
decrease bleeding complication rates. Off-label use of bivalirudin instead of 
unfractionated heparin and abbreviated infusions of CP lib /Ilia inhibitors are 
used by some physicians, but have not been tested for efficacy. Protamine can 
be used to reverse heparin anticoagulation. Platelet transfusions can reverse the 
antiplatelet effect of abciximab, but not eptifibatide or tirofiban. The threshold 
for administering red blood cells in these patients is lower than in elective PCI 
because of their unstable hemodynamic state. 

Patients with cardiogenic shock are at increased risk for contrast nephropa- 
thy, so the lowest possible volume of contrast medium should be used. Other 
risk factors include age, diabetes, pre-existing renal dysfunction, and use of 
nonsteroidal anti-inflammatory agents. 

Post-procedure care 

Patients will be treated in the coronary care unit. Early cessation of anticoag- 
ulation therapy and early femoral sheath removal are recommended, if possi- 
ble. Prolonged use of IABP counterpulsation is associated with complications 
in 10% to 30% of patients. These include limb ischemia, infection, hemolysis, 
thrombocytopenia, thrombosis, and embolism. In the largest registry for IABP 
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complications in the setting of acute MI, the rate of limb ischemia was 2.3%, 
serious access bleeding 1.4%, vascular surgery 0.7%, and deep vein thrombo- 
sis 0.1% [60]. The risk-to-benefit ratio of pulmonary artery catheters from the 
GUSTO trial suggested no increased risk among patients with cardiogenic shock 
[61], but the pulmonary artery catheter should be removed as soon as possible 
to avoid the risk of catheter sepsis. When removing vascular sheaths, the acti- 
vating clotting time should be <170 seconds to minimize the risk of bleeding. 
Anticoagulation may be resumed 4-6 hours after sheath removal for other indi- 
cations (atrial fibrillation, prosthetic valves, large anterior MI, mural thrombus, 
IABP, persistent shock). 

Cardiac auscultation should be serially performed to monitor for a new mur- 
mur suggestive of mitral regurgitation or ventricular septal rupture. The signs 
and symptoms for retroperitoneal hematoma include hypotension, marked 
suprainguinal tenderness, and severe back or lower quadrant abdominal pain. 
The groin should be inspected for hematoma, pseudoaneurysm, or arteri- 
ovenous fistula. Glucose control may require an insulin drip. Inotropic and 
vasopressor agents should be titrated to hemodynamics and clinical indices of 
systemic perfusion. The hematocrit and creatinine should be monitored. Antico- 
agulation levels should be carefully adjusted. Renal or liver dysfunction, which 
often change over time in this population, may require adjustment of other drug 
doses. 

Patients should be treated with daily aspirin 75-162 mg indefinitely after 
daily doses of 325 mg for 1 month for bare metal stent, 3 months after sirolimus 
drug-eluting stent implantation, and 6 months after paclitaxel drug-eluting stent 
implantation. Daily clopidogrel 75 mg should be administered for a minimum 
1 month and ideally 12 months after bare metal stent implantation, and for at 
least 12 months following drug-eluting stent implantation if patients are not 
at high risk for bleeding [62]. Beta-blockers, angiotensin-converting enzyme 
inhibitors, and aldosterone inhibitors should be introduced only after the 
patient has become hemodynamically stable and gradually titrated as in chronic 
heart failure patients. Patients who develop symptoms or electrocardiographic 
changes of recurrent ischemia or reinfarction should undergo repeat cardiac 
catheterization and intervention when indicated. 

Prognosis 

Cardiac power (mean arterial pressure x cardiac output/451) may be the 
strongest hemodynamic predictor of in-hospital mortality [63]. In the SHOCK 
registry [64], in-hospital mortality rates rose from 34% to 51% as the num- 
ber of diseased arteries increased from one to three. After PCI, the mortality 
rate was 86% with absent reperfusion (TIMI 0/1 flow), 50% with incomplete 
reperfusion (TIMI 2 flow), and 33% with complete reperfusion (TIMI 3 flow). 
Similarly, final TIMI flow was a major predictor of outcome in the ALKK registry 
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Fig. 10.4 Long-term survival in the SHOCK trial. Abbreviations: ERV, early 
revascularization; IMS, initial medical stabilization. (Reprinted with permission from 
Hochman JS, Sleeper LA, Webb JG, et al. JAMA 2006;295:2511-15.) 



with mortality rates of 78%, 66%, and 37% for TIMI 0/1, TIMI 2, and TIMI 3 flow, 
respectively [27]. The American College of Cardiology-National Cardiovascu- 
lar Data Registry evaluated 483 consecutive patients who underwent emergency 
PCI for cardiogenic shock [54]. Predictors of in-hospital mortality included age, 
female sex, baseline renal insufficiency, and total occlusion in the left anterior 
descending artery. 

Eighty-seven percent of the 1-year survivors in the SHOCK trial were in 
NYHA functional class I or II [65]. The 13 lives saved per 100 patients treated 
with early revascularization in the SHOCK trial at 6 months and 1 year were 
maintained at 3 and 6 years [13]. Overall survival rates at 6 years were 32.8% in 
the early revascularization group and 19.6% in the initial medical stabilization 
group (Fig. 10.4). The 6-year survival rates for the hospital survivors were 62.4% 
versus 44.4%, respectively. 

At 30 days in the GUSTO-1 trial [66], 20,360 patients without shock (88.9%) 
and 953 (50.4%) patients with shock were alive. After a median of 11 years, 
69.4% without and 55.2% with shock remained alive. Patients receiving PCI 
were less likely to die (24.1% vs. 34.6%). Beginning in the second year, mortality 
rates were 2% to 4% per year for all patients regardless of shock status (Fig. 10.5). 



Conclusion 

Patients with cardiogenic shock complicating STEMI have a substantial sur- 
vival benefit with PCI compared with no or late in-hospital revascularization. 
These patients need to be directly admitted or transferred to tertiary care centers 
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Fig. 10.5 Long-term mortality rate in 30-day survivors in the GUSTO-I trial. (Reprinted 
with permission from Singh M, White J, Hasdai D, et al. / Am Coll Cardiol 2007;50:1752-8.) 

with expertise in acute revascularization and advanced intensive care, unless 
further care is deemed futile. Coronary artery revascularization is the only inter- 
vention that improves survival in these patients. Importantly, recent emphasis 
on time-to-treatment and the increasing use of primary PCI as the reperfusion 
modality have decreased the number of patients developing cardiogenic shock 
as a complication of STEMI. 
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Coronary artery bypass grafting 

Cheuk-Kit Wong and Harvey D. White 



Introduction 

Cardiogenic shock complicating MI is dynamic, often progressive, and asso- 
ciated with very high early mortality. In the 1970s, patients with cardiogenic 
shock were considered inoperable, and treatment was conservative with admin- 
istration of fluid, inotrope support, and, in selected patients, intra-aortic balloon 
pumping [1,2]. However, most patients died by 1 year. Several surgical groups 
reported results of coronary artery bypass grafting (C ABG) in patients who were 
unable to be weaned from intra-aortic balloon pumping, and the in-hospital 
mortality was 50% [3], 

In the western Washington experience with early surgery, within 16 hours, 
mortality was around 35% [4]. Other groups reported a hospital mortality of 
around 30% for patients operated on at an average of 4 days after infarction with 
a further late mortality at 2 years of around 30% [5] . However, given the unavoid- 
able bias in operating on selected patients, surgery for cardiogenic shock 
remained controversial until the only randomized prospective study of surgery 
in patients with cardiogenic shock "Should We Emergently Revascularize 
Occluded Coronaries for Cardiogenic Shock" (SHOCK) trial was performed [6]. 

Role of coronary artery bypass grafting versus 
percutaneous coronary intervention 

Percutaneous coronary intervention (PCI) and coronary artery bypass graft- 
ing (CABG) are generally considered complementary revascularization options 
for most patients with coronary artery disease, but the relative merits of these 
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procedures may differ among patients with cardiogenic shock. PCI has a lower 
procedural success rate in patients with cardiogenic shock than in those without 
shock, and no-reflow or poor flow may occur after stenting [6-8]. Also, many 
shock patients have left main or complex 3-vessel disease that may be treated 
better with CABG [7-11]. The potential advantages of CABG over percutaneous 
coronary intervention (PCI) in patients with cardiogenic shock include better 
protection of ischemic myocardium with cardioplegia, ventricular unloading 
during cardiopulmonary bypass, and revascularization of noninfarct zones. 
Bypass surgery can also be performed on chronically occluded coronary arteries 
that cannot be treated with PCI, and can achieve more complete revasculariza- 
tion. CABG also has the advantage of allowing additional surgery correcting 
mechanical abnormalities, such as mitral regurgitation. 

The SHOCK trial 

In the international, multicenter SHOCK trial, 30-day survival rates were sim- 
ilar with early revascularization and initial medical stabilization. Over half of 
the mortality occurred within the first 72 hours of onset of cardiogenic shock. 
However, at 6 months and 1 year, survival rates were higher with early revascu- 
larization. Initial revascularization was performed with PCI in 64% of patients 
and CABG in 36% of patients who underwent revascularization [6,12]. Most 
survivors reported good quality of life at 1 year [13]. The group difference in sur- 
vival of 13 absolute percentage points at 1 year favoring those assigned to early 
revascularization remained stable at 3 and 6 years [13.1% and 13.2%, respec- 
tively; hazard ratio (HR), 0.74; 95% confidence interval (CI), 0.57-0.97; log-rank 
P = 0.03]. At 6 years, overall survival rates were 32.8% and 19.6% in the early 
revascularization and initial medical stabilization groups, respectively [14]. 

The design and patient flow of the SHOCK trial are shown in Fig. 11.1. The 
SHOCK protocol recommended that subjects randomly assigned to emergency 
revascularization have either PCI or CABG within 6 hours of randomization and 
within 18 hours of onset of shock. The protocol also recommended that emer- 
gency PCI be performed only on the infarct-related stenosis, and only in patients 
with 1-, 2-, or 3-vessel disease where the stenoses in two noninfarct-related arter- 
ies were <90%, or were located in arteries supplying small branch vessels. 

Patients with a left main coronary stenosis of >50%, >2 total or subto- 
tal occlusions, stenoses of >90% in two noninfarct-related major arteries, or 
stenoses unsuitable for PCI were recommended to undergo CABG, as were 
patients whose PCI proved unsuccessful. Although recommendations were 
made regarding selection of revascularization procedures, this decision was 
left to the individual discretion of site investigators. 

In the SHOCK trial, 128 patients with confirmed LV failure causing shock 
underwent early revascularization (81 with PCI and 47 with CABG) [15]. 
Mean time elapsed between acute myocardial infarction and achievement of 
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Fig. 11.1 Flow chart of patients treated with emergency PCI versus emergency CABG in 
the SHOCK trial. (Reprinted with permission from White HD, Assmann SF, Sanborn TA, 
et al. Circulation 2005;112:1992-2001.) 



successful revascularization was 11.0 (6.1-21.4) hours. An intra-aortic balloon 
pump (IABP) was used in 88.9% of PCI patients and 97.9% of CABG patients 
[15]. Seven of the 128 patients received both PCI and CABG (6 had CABG per- 
formed within 24 hours of PCI) and were included in the PCI group for the 
purpose of analysis. 

Baseline demographics and hemodynamics were similar between the two 
groups, except that there were more diabetic patients (48.9% vs. 26.9%, 
P = 0.02) and more patients with 3-vessel disease (80.4% vs. 60.3%, P = 0.03) or 
left main disease (41.3% vs. 13.0%, P = 0.001) in the CABG group (Table 11.1). 
In the PCI group, 12.3% of patients had 2-vessel interventions and 2.5% had 
3-vessel interventions. 

In the CABG group, 84.8% received >2 grafts, 52.2% received >3 grafts, and 
41 of 47 CABG patients (87.2%) were deemed to be completely revascularized 
by the operating surgeon (Table 11.2). 

Outcome of CABG 

Survival at different time points is shown in Fig. 11.2. Survival rates at 30 days 
were 55.4% with PCI versus 57.4% with CABG (P = 0.86), and 51.9% versus 
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Table 11.1 Extent and severity of coronary disease according to revascularization 


modality. 
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P value 


>50% stenosis in left main coronary artery (%) 


13.0 


41.3 


0.001 


Three-vessel disease (%) 


60.3 


80.4 


0.03 


Either left main or 3-vessel coronary disease (%) 


60.3 


82.6 


0.01 
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infarct-related artery) 






0.41 


0 additional occlusions (%) 


70.3 


56.0 




1 additional occlusion (%) 


21.9 


36.0 




2 additional occlusions (%) 


7.8 


8.0 




>90% stenoses in noninfarct-related arteries 






0.36 


0 vessels (%) 


64.1 


48.0 




1 vessel (%) 


26.6 


40.0 




2 vessels (%) 


9.4 


12.0 




Coronary jeopardy score* 






<0.0001 


2(%) 


16.7 


0.0 




4(%) 


6.4 


6.5 




6 (%) 


28.2 


6.5 




8 (%) 


16.7 


8.7 




10 (%) 


19.2 


43.5 




12 (%) 


12.8 


34.8 




Mean coronary jeopardy score t 


7.1 ± 3.2 


9.9 ± 2.3 


<0.0001 


The jeopardy score is a simple method for estimating the amount of myocardium at 


risk on the basis of the particular location of coronary artery stenoses. The method 


scores the perfusion territory subtended by the same vessel beyond each 


significant 


stenosis, and the summed score of the patient is 


the jeopardy 


score for that patient. 


(Reference: Califf RM, Phillips HR, Hindman MC, et al. Prognostic value of a coronary 


artery jeopardy score. / Am Coll Cardiol 1985;5:1055-63.) 






tMean ± SD. 








Reprinted with permission from White HD, Assmann SF, Sanborn TA, et al. Circulation 


2005;112:1992-2001. 
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Table 11.2 Details of coronary artery bypass grafting. 



Complete surgical revascularization (%)* 87.2 



Number of grafts* 

1 (%) 15.2 

2 (%) 32.6 

3 (%) 32.6 

4 (%) 10.9 

5 (%) 8.7 

Internal mammary arterial graft (%)* 15.2 

Data collected on cardiac surgery form (n = 36)t 

Median total perfusion time (minutes) 110 (IQR 88-135) 

Median total cross-clamp time (minutes) 62 (IQR 49-78) 

Concomitant valve procedure (%) 5.6 

Cardioplegia used (%) 86.1 



Cardioplegia delivery (i 
cardioplegia use)t 
Antegrade only (%) 
Retrograde only (%) 
Both (%) 

Types of cardioplegia (ii 
cardioplegia use)* 
Crystalloid (%) 
Blood (%) 
Additives (%) 

*These data were collected throughout the trial. 

tData on perfusion time, cross-clamp time, concomitant valve procedures, and car- 
dioplegia were collected in only 36 patients after institution of a cardiac surgery data 
collection form partway through the trial. 

tMore than one type of cardioplegia was used during some procedures. 
IQR, inter-quartile range. 

Reprinted with permission from White HD, Assmann SF, Sanborn TA, et al. Circulation 
2005;112:1992-2001. 

46.8% at 1 year (P = 0.71). Exploratory analysis found no significant interactions 
between the revascularization modality (PCI vs. CABG) and the anatomic extent 
of coronary disease (left main disease, 3-vessel disease, left main and/ or 3-vessel 
disease, or disease extent measured with coronary jeopardy score). Likewise, 
no interactions were noted for age when using a cut point of 75 years, or for 
diabetes mellitus. Among hospital survivors who were assigned to receive early 
revascularization, there was no significant difference (P = 0.51) in long-term 



31 patients with known 



58.1 
6.4 
35.5 




87.1 



Chapter 11 Coronary artery bypass grafting 245 



1 00% 



80% 



60% 



40% - 



20% 



0% 



(a) 



1 00% 



80% 



60% 



40% 



20% 



0% 



(b) 



1 00% 



80% 



60% 



40% 



20% 



0% 



(c) 



CABG, 80.9% 




PCI, 65.4% 



P=0.07 



12 24 



36 48 60 
Hours 



72 84 



96 




CABG, 57.4% 



PCI, 55.4% 



10 



15 

Days 



20 



25 



30 




PCI, 51.9% 



CABG, 46.8% 



60 



120 



180 
Days 



240 



300 360 



Fig. 11.2 Kaplan-Meier survival estimates at 96 hours (a), 30 days (b), and 1 year 
(c) in patients treated with early PCI versus early CABG. PCI, percutaneous coronary 
intervention; CABG, coronary artery bypass grafting. (Reprinted with permission from 
White HD, Assmann SF, Sanborn TA, et al. Circulation 2005;112:1992-2001.) 
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survival between PCI and CABG surgery as the primary emergency mode of 
revascularization (7.0 and 9.3 deaths per 100 patient-years, respectively) [14]. 

Among subjects receiving surgery, the survival rate at 30 days was 63.4% for 
the 41 subjects who achieved complete revascularization versus 16.7% in the 6 
subjects who did not achieve complete revascularization (P = 0.07); the 1-year 
survival rate for these groups was 51.2% and 16.7% (P = 0.19), respectively. 
Complete revascularization, defined as successful PCI of the proximal half of 
all major arteries with significant stenoses, was achieved in only 23.1% of PCI 
patients. 

The results of the SHOCK trial suggest that CABG is an excellent complemen- 
tary treatment option for early revascularization in patients with cardiogenic 
shock. The similar treatment benefit observed among subjects receiving CABG 
versus those receiving PCI, despite the greater prevalence of more severe coro- 
nary artery disease and diabetes mellitus among the former, may be explained 
by achievement of more complete revascularization with CABG. 

No other randomized trials comparing early revascularization with initial 
medical stabilization in patients with cardiogenic shock have included CABG 
as part of the initial revascularization strategy. The Swiss Multicenter Trial of 
Angioplasty for Shock (SMASH) was terminated early for logistical reasons 
after 55 subjects had been randomly assigned to receive either PCI or medical 
treatment; CABG was performed in only one patient [16]. 

Surgical techniques 

The traditional approach to bypass surgery is to use warm induction, cold 
cardioplegia, cooling the heart to reduce energy requirements, and warm reper- 
fusion with grafting first of the infarct-related artery (IRA). The heart is usually 
vented to unload the heart during cardiopulmonary bypass. Cardioprotection 
is very important in this procedure, and administration of antegrade and retro- 
grade cardioplegia, as well as down the grafts, provides immediate protection 
of myocardium from further ischemic damage [17]. 

The internal mammary artery is usually preferred for grafting because of 
its better long-term patency compared with vein grafting to the left anterior 
descending artery. There are, however, a number of important considerations 
in the clinical setting of cardiogenic shock, including the size of the internal 
mammary artery and whether appropriate blood flow can be achieved in the 
presence of hypotension. Choice of conduit also depends on issues such as 
propensity to bleed following administration of adjunctive abciximab or clopi- 
dogrel, as harvesting of the internal mammary arteries may be associated with 
uncontrollable bleeding. Administration of vasoconstrictors, possibly leading 
to poor flow distal to internal mammary or radial grafts, may also influence 
a preference for choice of vein grafting. The most important consideration, 
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however, is the longer operative time associated with use of arterial grafts. In 
the SHOCK trial, the use of left internal mammary arterial grafts in 15.2% of 
subjects despite the presence of cardiogenic shock is noteworthy. 

Comparison with contemporary percutaneous coronary 
intervention 

The PCI success rate for patients with cardiogenic shock remains lower than 
for patients without shock. A recent German registry of 1333 patients with 
cardiogenic shock reported a final TIMI 3 flow rate of 75.2% [18]. Although there 
have been many advances with PCI, including stenting [11], which reduces 
reintervention rates, and the use of glycoprotein Ilb/IIIa inhibitors [19-22], 
patients with cardiogenic shock continue to have a lower likelihood of successful 
PCI than those without cardiogenic shock [6-8]. The use of drug-eluting stents 
in patients with STEMI (including 23 patients with cardiogenic shock) has been 
shown to achieve rates of vessel patency and complications at 30 days similar to 
those seen with bare metal stents, without an increase in risk of stent thrombosis 
and with less need for reintervention at 300 days of follow-up [23]. Long- 
term stent thrombosis, however, remains a major concern with drug-eluting 
stents [24]. 

Contemporary PCI with stenting is associated with a high rate of peripro- 
cedural infarction. Delayed enhancement magnetic resonance imaging (MRI) 
shows infarction in 23% of cases [25], with distal embolization of plaque mate- 
rial (and occlusive thrombus) being an important mechanism of infarction. 
Another contributory mechanism is "snow-plowing" of the plaque at the site 
of the occlusion, which causes periprocedural infarction, as evaluated by MRI 
in 11% of patients due to a compromise of side branches and collaterals. 

Multivessel PCI in shock patients is associated with worse outcomes [11,26]. 
Whether more complete revascularization with multivessel PCI in the acute 
phase is superior to the strategy of performing acute PCI to the culprit vessel 
and leaving nonculprit stenoses for subsequent treatment, as used in most 
patients in the SHOCK trial, remains unknown. 

Timing of surgery 

The timing of performing CABG in the setting of acute myocardial infarction 
has always been a controversial issue. Some surgeons avoid operating early 
on these patients because of higher operative mortality based on results in the 
1980s (up to 10% for operation within 7 days vs. 2.4% for operation between 
8 and 30 days) [27]. 

Previous observational studies of the effects of CABG were often performed 
in lower risk patients, and in addition, patients often had revascularization 
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several days after developing shock, introducing a survival bias with these 
patients having declared themselves as patients likely to do well. However, in 
the Myocardial Infarction Triage and Intervention (MITT) registry in the period 
between 1988 and 1994 [28], 1299 of 12,000 consecutive patients with acute 
infarction underwent CABG, and there was no difference in hospital mortality 
in high-risk patients operated on during the first 24 hours after admission com- 
pared with those operated on later in the hospital course (8.3% vs. 7.2%; P = 
0.60). Factors that predicted hospital mortality in those who underwent bypass 
surgery included increased age, prior bypass surgery, infarct extension, and 
stroke. Long-term outcome in those who underwent bypass surgery was excel- 
lent. Three-year survival was better in patients treated with surgery than in those 
treated medically (83% vs. 66%; P < 0.0001), and this difference remained after 
multivariate adjustment for baseline differences (HR, 0.68; 95% CI, 0.55-0.85). 

Guidelines 

In the current European Society of Cardiology and American College of Cardi- 
ology/ American Heart Association guidelines [29,30], acute myocardial infarc- 
tion with cardiogenic shock is listed as a Class IA indication (i.e. a condition for 
which there is evidence for and/ or general agreement that a given procedure or 
treatment is useful and effective) for PCI, and a Class IA indication for CABG 
if the patient has suitable coronary anatomy. 

Contemporary practice 

For a patient whose condition is deteriorating in the catheterization laboratory, 
many interventionists may opt for emergency PCI on stenoses not ideally suited 
for that procedure, knowing that, whereas CABG might achieve more complete 
revascularization, PCI can be performed more promptly. Also, with an occluded 
infarct-related artery, the status of the distal vessel is usually unknown until 
coronary guidewire crossing restores some antegrade flow. PCI may therefore 
be frequently performed on patients with suboptimal anatomy in preference to 
delayed CABG. 

Emergency CABG is not widely considered to be an integral part of contem- 
porary management of patients with cardiogenic shock, as reflected by NRMI 
registry data [31]. Data from 1995 to 2004 (including the periods before and after 
publication of the SHOCK trial in 1999) in 7356 patients presenting with car- 
diogenic shock complicating acute myocardial infarction showed rising rates 
of revascularization with primary angioplasty, but not with bypass surgery 
(Fig. 11.3). In centers where expert surgical facilities are available, Table 11.3 
shows the major factors that may determine the choice of CABG versus PCI in 
treating cardiogenic shock from left ventricular dysfunction complicating acute 
myocardial infarction. 
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Fig. 11.3 Revascularization rates in patients with cardiogenic shock at presentation (n = 
7356). (Reprinted with permission from Babaev A, Frederick PD, Pasta DJ, et al. JAMA 
2005;294:448-54.) 
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Table 11.3 Cardiogenic shock following myocardial infarction. 


1. 


Timing of shock relative to onset of acute myocardial infarction 

If the time from onset of acute myocardial infarction is short (<3-6 hours), salvage 
of myocardium may be achieved; any delay in performing CABG will be 
associated with more progression of myocardial necrosis, and PCI may be 
preferred. 


2. 


Status of infarct-artery antegrade flow and collateral flow to the infarct zone 

The speed of infarct progression depends on these factors. PCI achieves more 
timely reperfusion and may be preferable if there is poor antegrade flow or poor 
collaterals. 


3. 


Extent of coronary disease in the noninfarct-related artery 

Hypercontraction of these zones over time will lead to ischemia if these zones are 

I'll • ■ 1 n 1* •■ * i a r> / — | l r l 

supplied by arteries with severe flow-limitmg stenoses. CABG may be performed 
because of its capacity for providing more complete revascularization. 


4. 


Bleeding risk 

Bleeding associated with antiplatelet, antithrombin, and fibrinolytic medications 
may make PCI the preferred option. 


5. 


Capacity of CABG for achieving more complete revascularization may make 
CABG the preferred option. 


6. 


The presence of mechanical complications makes CABG the preferred option. 


7. 


Age 

The increasing risk of stroke with age in patients undergoing CABG may make 
PCI the preferred option in elderly patients. 



In the Society of Thoracic Surgeons National Cardiac Database (2002-2005) 
of 708,593 patients with and without cardiogenic shock undergoing CABG, 
patients with preoperative cardiogenic shock constituted 14,956 (2.1%) of 
patients undergoing CABG yet accounted for 14% of all CABG deaths. Oper- 
ative mortality in cardiogenic shock patients was high and surgery-specific, 
rising from 20% for isolated CABG to 33% for CABG plus valve surgery and 
58% for CABG plus ventricular septal repair. Factors associated with a higher 
risk of death were identified by multivariable analysis and summarized into a 
simple bedside risk score (c statistic = 0.74) that accurately stratified those with 
low ( < 10%) to very high ( > 60%) mortality risk in that database [32] (Figures 11.4 
and 11.5). 

The findings from the SHOCK trial support early revascularization, including 
CABG as appropriate, as currently recommended in the guidelines. However, 
numerous factors may hinder hospitals to provide this service, including 
resources. Also, public reporting systems of operative outcome may deter 
surgeons taking on high-risk patients, such as those with cardiogenic shock. 
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12 



Total Score: 

Fig. 11.4 Nomogram to predict postoperative death in patients with cardiogenic shock 
undergoing CABG. MI = myocardial infarction; CPR = cardiopulmonary resuscitation; 
AV = aortic valve surgery; MV = mitral valve surgery; VSR = ventricular septal rupture. 
Reprinted with permission from Mehta RH, Grab JD, O'Brien SM, et al. Circulation 
2008;117:876-85. 



In New York state, where such a score card system is in place, data from the 
SHOCK registry showed that patients wait significantly longer after onset of 
cardiogenic shock for CABG than patients outside of New York state (101.2 
hours vs. 10.3 hours for non-New York patients, P < 0.001) [33]. 

Conclusions 

Surgery and PCI are complementary procedures for the management of patients 
with cardiogenic shock. Emergency CABG should be considered the preferred 
therapy in shock patients for whom PCI is unlikely to achieve complete revascu- 
larization, or for whom there are associated left ventricular mechanical compli- 
cations (including mitral regurgitation), left main, or severe 3-vessel coronary 
disease. Although some surgeons are unwilling to take these high-risk patients 
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Fig. 11.5 Risk score and operative mortality in patients with cardiogenic shock 
undergoing cardiac surgery. Vertical bar extends from 5th to 95th percentiles of the 
distribution of predicted risk as calculated by original full model. Reprinted with 
permission from Mehta RH, Grab JD, O'Brien SM, et al. Circulation 2008;117:876-85. 



to surgery, data from the SHOCK trial showed that appropriately selected 
patients do well with surgery, and patients should not be denied this poten- 
tially life-saving therapy. In the future, advances in cardioplegia, anesthesia, 
and perioperative support using ventricular assist devices may produce even 
better surgical results. 
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